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ABSTRACT 
There has been recent interest in how the body can be used as a resource for learning challenging 
concepts in science and mathematics. This dissertation contributes to this conversation in the 
literature by focusing on a learning environment that engages students in using their bodies as a 
resource for learning a particularly challenging science concept, the causes of the seasons. The 
causes of the seasons is widely recognized as an important topic in science education, and 
accordingly the topic has been the focus of much research over the last several decades. This 
research has yielded information about common alternative conceptions that children have about 
the topic. And yet even with a number of interventions targeted at supporting student learning of 
the causes of the seasons, it has remained a challenging topic. Previous interventions have been 
designed and analyzed using constructivism as a theoretical lens. This dissertation follows this 
practice by using constructivism as a theoretical lens, while making a new contribution by also 
using the theoretical lens of embodied cognition. This dissertation utilizes these theories by 
exploring how middle school students learn the causes of the seasons in the context of their 
science classes by engaging with a learning environment that includes a computer simulation 
controlled with hand gestures, which I refer to as a gesture-augmented simulation. In this 
dissertation, learning is considered to occur when students develop more scientifically accurate 
conceptual models of seasonal change. Students’ conceptual models were probed in various 
ways, including analysis of responses to multiple choice questions, explanations provided in 
written and verbal formats, and also by analyzing gestures that were produced while providing 
explanations. By using a mixed methods approach, this dissertation examined the learning 
process and outcomes of the use of a gesture-augmented simulation. Based on pre-test to post-
test comparisons, conceptual understanding of the causes of the seasons increased overall for 
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participants, but these improvements were not uniform for all students. When looking more 
closely at the explanations of focal students, this study also found that there were increases in the 
amount and complexity of student gesturing while explaining causes of the seasons after using 
the simulation. Related to the learning process, this study identified patterns of using the 
simulation in ways that were productive for focal students to improve their conceptual 
understanding of causes of the seasons. Specifically, students’ repeated use of discussion 
prompts was related to improvement and convergence on probes of student thinking. These 
findings suggest that the embodied learning environment used in the study, a gesture-augmented 
simulation, was productive for helping students improve their conceptual understanding of the 
causes of the seasons when used in particular ways during their science class. Future research 
should continue to explore the design of scaffolds to support productive uses of gesture-
augmented simulations by providing dynamic guidance to students as well as the design of 
dashboards that could provide relevant information to teachers while facilitating lessons. 
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CHAPTER I: 
THE PROBLEM 
 This dissertation addresses the problem of relatively little research on the design of 
embodied learning environments for classroom settings that capitalize on the affordances of 
student gestures. In recent years there have been proposed design principles for embodied 
learning environments in general (e.g., Abrahamson & Lindgren, 2014) and proposed 
considerations for the design of gesture-augmented learning environments in particular (e.g., 
Wallon & Lindgren, 2017). I consider these design principles and considerations as hypotheses 
to be tested and either supported, refined, or refuted. Although previous research has focused on 
embodied learning environments in classroom settings that involved whole body movement (e.g., 
Enyedy, Danish, Delacruz, & Kumar, 2012), to the best of my knowledge this is the first study to 
look specifically at a gesture-augmented simulation, a specific type of embodied learning 
environment, in a classroom setting. In the following paragraphs I characterize this problem by 
starting from a broad perspective on the importance of science learning and then progressively 
narrowing the scope by connecting to specific classroom practices and concluding with a 
rationale for how studying classroom-based learning with a gesture-augmented simulation 
contributes to the literature. 
Science achievement is important for reasons that span from the individual level (e.g., 
health decision making, access to higher education, and access to higher paying jobs) to the 
societal level (e.g., the ability to address large scale issues such as climate change) (National 
Research Council [NRC], 2012). Based on data from the National Assessment of Educational 
Progress, gaps in science achievement exist in the United States (National Center for Education 
Statistics [NCES], 2015). National trends show that although there is no difference science 
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scores between males and females in fourth grade, by eighth grade male students outperform 
female students (NCES, 2015). National trends show that there are score gaps based on race and 
ethnicity, with students who identify as White or Asian/Pacific Islander scoring higher than 
students who identify as Black or Hispanic (NCES, 2015). In the context of the state of Illinois, 
there is no difference in eighth grade science scores between male and female students, but the 
score gap based on race and ethnicity at the national level is also present at the state level. 
 Gaps in science achievement have motivated reforms to U.S. science education. Current 
U.S. science education reforms are built on a notion that learning science involves four strands: 
1. Knowing, using, and interpreting scientific explanations of the natural world. 
2. Generating and evaluating scientific evidence and explanations. 
3. Understanding the nature and development of scientific knowledge. 
4. Participating productively in scientific practices and discourse. (NRC, 2007, p. 37) 
Despite clear articulation of what science learning entails, enacting that vision in K-12 science 
classrooms has remained elusive. Previously the 1996 National Science Education Standards 
attempted to do so by promoting “scientific inquiry” (NRC). However, there were many 
variations in interpretations of what inquiry was and how to engage students in it. Therefore 
science instruction remained largely focused on scientific content. 
 The 2013 Next Generation Science Standards (NGSS; NGSS Lead States) addressed 
some of the challenges from the previous national science standards in several ways. Perhaps the 
most important way the challenges have been addressed is by the inclusion of a list of science 
and engineering practices that students are intended to engage with in order to learn content 
organized around disciplinary core ideas. This list includes practices such as constructing 
explanations, engaging in argument from evidence, and modeling. The goal of using these 
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practices is to help students learn for the purpose of conceptual understanding of key ideas rather 
than for memorization of isolated bits of information. 
 What are characteristics of classrooms that foster this kind of conceptual understanding? 
We know that these types of classrooms are knowledge-centered, learner-centered, assessment-
centered, and community-centered (Stewart, Cartier, & Passmore, 2005, pp. 555–559). We also 
know that enacting this type of instruction involves actions that Braaten and Windschitl (2011) 
call ambitious practices, such as: 
(1) Selecting big ideas, treating them as models, 
(2) Attending to students' initial and unfolding ideas, 
(3) Investigating science ideas in the classroom, and 
(4) Pressing for explanation. (p. 666) 
 These practices informed the design of the activities in this dissertation, and they align 
with the view of learning that I have taken in this work. The big idea addressed in this work is 
the causes of the seasons, and I treat this topic as a model to be developed and applied (as 
opposed to a list of facts to be recalled). In this dissertation I collected students’ initial ideas with 
pre-tests and pre-interviews. I attended to students’ unfolding ideas by video recording six focal 
pairs of students in their classrooms while they engaged with the learning environment. The 
request for students to share their explanations for what causes the seasons was an emphasis on 
the assessments as well as within scaffolds during the use of the simulation. The emphasis on 
explanations in this dissertation warrants clarity on my intended use of the term. I use the term 
explanation to refer to causal, mechanistic accounts for how or why particular phenomena occur 
(Braaten & Windschitl, 2011). 
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Given the importance of learning to this dissertation, it is critical that I elaborate on how I 
conceptualized this construct. What does it mean for a student to learn the causes of the seasons? 
From my perspective students learn the causes of the seasons when they have developed robust 
mental models that can be drawn upon to provide explanations (e.g., to articulate what causes the 
seasons) and answer questions about seasonality. Important to my view of students’ mental 
models, their mental models are not directly accessible, nor are they static. I consider their 
mental models to be dynamically emergent structures (Brown, 2014). Therefore I view it as 
important to consider multiple and different contexts (e.g., giving verbal and written 
explanations) to collect evidence for how students are thinking about the topic. My view of 
student learning also supports the rationale for my interest in gestures in this dissertation. As I 
elaborate on later in the dissertation, I consider how gestures may serve as inputs to shaping 
students’ mental models as well as how gestures may provide evidence for how students 
conceptually understand the causes of the seasons. 
Even though aforementioned ambitious practices can be enacted with a variety of 
curriculum materials, this dissertation focuses on a computer simulation because there is a trove 
of research that supports the use of computer simulations for fostering these types of science 
learning environments. This evidence is summarized later in this document.  
 Although we know that simulations are helpful for science learning, less is known about 
how simulations are used and the specific design features of simulations that are helpful for 
science learning. One design feature that has been suggested is embodied interaction, which 
Dourish defines as “the creation, manipulation, and sharing of meaning through engaged 
interaction with artifacts” (2001, p. 126). In recent years there has been increased research on 
learning environments that emphasize embodied interaction as a design feature (Lindgren & 
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Johnson-Glenberg, 2013); this dissertation adds to this growing research area by exploring 
student learning in classrooms with a gesture-augmented simulation, which is a computer 
simulation that has been designed to purposefully engage students in making gestures to control 
imagistic representations of the target system. 
Theoretical Perspectives 
 This dissertation about student learning with gesture-augmented simulations is framed by 
two theories: constructivism and embodied cognition. Not to be viewed as unitary constructs, 
constructivism and embodied cognition are most usefully viewed as sets of theories that concern 
developing knowledge and thinking. Constructivism is recognized as a dominant theory to 
explain how people come to know in content areas, and it has been especially influential in the 
field of science education (Driver, Asoko, Leach, Scott,  & Mortimer, 1994). Embodied 
cognition emphasizes the role of the body in human thinking, and it rejects notions of the body as 
separate from and inferior to the mind (Glenberg, 2010). Neither theory prescribes instructional 
practices, but both theories can contribute lenses to view teaching and learning and can inform 
the design of learning environments. I have used both theories to inform the design of the 
learning environment in which students engage with one another. One of the goals of this 
dissertation is to illustrate the complementarity of these theories and to resolve apparent 
contradictions between the theories. 
Statement of the Problem 
Students’ spontaneously produced gestures, as well as requests to gesture, are positively 
related to learning outcomes in experimental and laboratory studies (e.g., Brooks, Barner, Frank, 
& Goldin-Meadow, 2018; Broaders, Cook, Mitchell, & Goldin-Meadow, 2007). But what about 
in classrooms? How does research on gesture apply to learning in formal instructional settings? 
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This dissertation involves classroom implementation of a gesture-augmented simulation, a novel 
type of learning environment that brings potentially transformative gestures into classrooms to 
enable learners to use their hands to interact with digital content. The specific simulation used in 
this study was designed to support middle-school students with constructing causal explanations 
of seasons. This type of learning environment has been shown to be generative for individual 
students (e.g., Mathayas, Brown, Wallon, & Lindgren, 2019), but to date there have not been 
studies of classroom implementation of gesture augmented simulations. The causes of the 
seasons is an appropriate context for this dissertation study because the topic is important in 
science education, and it remains a challenging topic for learners despite many efforts to develop 
learning interventions. As a science education community, we have learned valuable lessons 
about successful and unsuccessful elements of approaches to teaching seasons, but challenges 
persist for learners of this topic, and therefore learning the causes of the seasons provides a 
context that could benefit from novel approaches. This argument is continued and supported in 
the opening to the literature review in Chapter 2. 
Purpose 
 The aim of this study is to better understand how students learn about the causes of the 
seasons with gesture-augmented simulations in middle school science classrooms. This goal is 
addressed from different vantage points, using a quantitative approach to gain a holistic 
understanding of patterns in outcomes, using a qualitative approach to look in more detail at 
outcomes, and using mixed-methods to explore learning processes in addition to outcomes. 
Research Questions 
 This dissertation addresses the following research questions within middle school 
classroom environments: 
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1. In what ways and to what extent do students' conceptions of the causes of the seasons change 
after using a gesture-augmented simulation? 
2. What patterns of action while using the simulation are associated with improved conceptions 
of the causes of the seasons? 
Significance of the Study 
 With increasing interest in embodied learning environments (Lindgren & Johnson-
Glenberg, 2013), this study will provide timely contributions to a growing area – the use of 
embodied learning environments in middle school classrooms. This study especially addresses 
two of the six precepts for research on embodied learning and mixed reality identified by 
Lindgren and Johnson-Glenberg (2013) by occurring in a naturalistic setting and by involving 
student collaboration (pp. 449-450). 
 This study also contributes to needs identified by the research community regarding 
approaches to further support students with learning the causes of the seasons. This study 
addresses these needs by exploring how students interact with specific design features of a 
gesture-augmented simulation during their learning process. 
 By addressing these gaps in research, this study provides guidance to teachers looking to 
use these technologies to foster classrooms that focus on conceptual understanding. It also 
provides guidance to designers looking to support teachers and students in meaningful 
engagement with embodied learning environments. 
Organization of the Document 
 The rest of the document is organized as follows: In Chapter 2, I highlight previous 
research about learning causes of the seasons, which sets the stage for elaboration on the theories 
of constructivism and embodied cognition that frame this study. Next, I review literature on the 
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use of simulations in science teaching and learning. Then, I review empirical studies on gesture 
in science education. In Chapter 3 I describe the mixed methods approach that I took towards 
answering my research questions. Chapter 4 summarizes the results of the study, and Chapter 5 
includes a discussion of the implications of the results, and it also includes suggestions for future 
research. 
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CHAPTER II: 
LITERATURE REVIEW 
Introduction 
 This chapter reviews the literature in several topic areas to support the rationale for 
designing a learning environment around the core feature of a gesture-augmented simulation to 
support students’ learning of the causes of the seasons. The first section in this chapter reviews 
what we know about teaching and learning the causes of the seasons, including summarizing 
previous learning environments that have been designed to support learning in this area. These 
initial summaries help provide the motivation for why the topics of simulations and gesture are 
reviewed more thoroughly later in this chapter. This section is also intended to set the stage for a 
discussion of the theoretical perspectives that inform this dissertation. The next section in this 
chapter gives overviews of constructivism and embodied cognition, which are the theories that 
influenced the design decisions that I made. Then I spend a section summarizing the research on 
using simulations in science education. In the last section I explore how gesture has been studied 
in research on science teaching and learning. 
Teaching and Learning the Causes of the Seasons 
 In this section I make the argument that seasons is widely recognized as an important 
topic in science education that, despite a body of work aimed at supporting student learning of 
the topic, persists as a challenging topic for learners. This section summarizes approaches 
reported in the literature that include computer simulations, and this section explores how gesture 
has increasingly become a topic of interest in learning astronomy concepts. 
 Understanding causes of the seasons is an important outcome of science education 
programs, and with good reason—understanding natural cyclical variations in seasonal climate 
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provides a backdrop against which to understand and contrast variations in climate over longer 
time scales that may have human-induced causes. This topic connects with additional topics that 
are emphasized in science education such as energy and planetary astronomy. The importance of 
the topic of seasons is illustrated by its explicit inclusion in U.S. science education reform 
documents over several decades. Table 1 illustrates how this topic has been emphasized in these 
reform documents. However, the topic of seasons is not only important in the U.S. context, but it 
is also valued internationally. This literature review includes research where the topic of seasons 
was the focus in studies conducted in countries such as Greece (Bakas & Mikropoulos, 2003), 
Singapore (Kim, 2015), and Taiwan (Hsu, 2008).   
 
Table 1 
The Topic of Seasons in U.S. Science Education Reform Documents 
Source Year Description 
Science For All 
Americans 
1990 “The earth's one-year revolution around the sun, because of the tilt of the 
earth's axis, changes how directly sunlight falls on one part or another of the 
earth. This difference in heating different parts of the earth's surface 
produces seasonal variations in climate.” (AAAS, 1990, p. 49) 
 
National Science 
Education 
Standards 
1996 “Seasons result from variations in the amount of the sun's energy hitting the 
surface, due to the tilt of the earth's rotation on its axis and the length of the 
day.” (NRC, 1996, p. 161) 
 
Framework 2012 “DCI ESS1.B: Earth and the Solar System Earth’s spin axis is fixed in 
direction over the short-term but tilted relative to its orbit around the sun. 
The seasons are a result of that tilt and are caused by the differential 
intensity of sunlight on different areas of Earth across the year.” (NRC, 
2012, p. 176) 
 
Next Generation 
Science 
Standards 
2013 “PE MS-ESS1-1. Develop and use a model of the Earth-sun-moon system 
to describe the cyclic patterns of lunar phases, eclipses of the sun and moon, 
and seasons.” (NGSS Lead States, 2013, p. 78) 
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Not only is the topic of seasons widely recognized as important, but also it is widely 
recognized as a challenging topic for people of all ages (Lelliott & Rollnick, 2010). Prior 
research has documented several common alternative conceptions about causes of the seasons. 
Note that alternative conceptions are referred to with various labels in the literature, such as 
misconceptions, non-normative explanations, or non-canonical ideas (Taber, 2015). In this 
dissertation I have made the choice to call them alternative ideas to have a consistent shorthand 
way to refer to explanatory ideas other than those currently accepted by the scientific 
community. Alternative conceptions about the seasons are categorized in slightly different ways 
in different studies. Therefore I will describe some examples and share the labels that I will be 
using in this dissertation to characterize explanations of the seasons. One of the most common 
alternative conceptions used to explain seasons is the idea that the earth is closer to the sun in 
summer and farther from the sun in winter due to the shape of its orbit (Atwood & Atwood, 
1997). I will refer to this type of explanation as the distance idea. Another common alternative 
conception is that the earth’s tilt changes so that some parts of the earth are closer causing 
summer and farther causing winter (Atwood & Atwood, 1997). In addition to the distance idea I 
will refer to this type of explanation as also including the tilt idea. Yet another common 
alternative conception is that earth’s rotation on its axis causes seasons by making sun light 
present on some locations and not others on earth (Atwood & Atwood, 1997). This conception 
more closely explains what causes day and night but is frequently used as an explanation for the 
seasons. Explanations such as this one that draw upon differences in light intensities on different 
locations use what I will refer to as the light idea. Note that the target explanation that is 
accepted by the scientific community (i.e., the descriptions provided in Table 1) uses the tilt idea 
and light idea but not the distance idea. 
 12 
 Several instructional interventions for supporting student learning of the seasons have 
been reported in the literature, including interventions that focus on using simulations. Tsai and 
Chang (2005) reported on an approach called the conflict map, which was based on student 
observations and which was designed to promote conceptual change. Using the conflict map 
approach, instruction was designed so that students could make observations that may support an 
alternative conception as well as observations that would not support the alternative conception. 
Building on these experiences, Tsai and Chang showed how instruction with this approach could 
promote the requirements for conceptual change, “dissatisfaction with an existing conception, 
intelligibility of science conceptions, plausibility of scientific conceptions, and fruitfulness of 
scientific conceptions” (p. 1092).  
Previous work has also centered around a computer simulation learning environment 
called SeasonSim (Hsu, Wu, & Hwang, 2008; see Figure 1). SeasonSim was a computer 
simulation that featured an orbit view of the sun-earth system along with linked graphs 
displaying data about radiation on earth’s surface and the distance between the earth and sun. 
Although the researchers noted overall improvement in students’ explanations, the distance idea 
persisted in students’ post-explanations, showing only a slight decrease from pre-test (distance 
idea expressed by approximately 60% of participants) to post-test (distance idea expressed by 
approximately 55% of participants). The researchers suggested that future work is needed to 
better understand how specific instructional designs and scaffolds influence conceptual change.  
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Figure 1. Screenshot of SeasonSim software (Hsu, Wu, & Hwang, 2008). 
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Bakas and Mikropoulos (2003) reported designing a computer simulation that provided 
students with space-based perspectives of the sun-earth-moon system (see Figure 2). The 
software provided a graphical view giving the user a view as if they were inside of a spacecraft, 
and additional data were displayed on a dashboard below the graphics. The researchers used an 
initial test of 102 secondary students to inform the design of their learning environment, but they 
measured student learning after using the simulation only with interviews with 10 students. 
Therefore they were able to illustrate ways that students’ ideas changed, but they were not able 
to quantify the changes at a larger scale.  
 
Figure 2. Screenshot of simulation software featuring a space view from a spacecraft. 
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 Thus far I have discussed the seasons in an important topic, and even with previous work 
on interventions designed to support student learning, the topic remains challenging to learn. In 
this section I would like to shift from acknowledging that it is challenge to exploring why it is 
challenging. Plummer and Maynard (2014) developed a learning progression that focused on 
how students reason about the seasons, and they summarized that the main challenge to student 
learning the topic was caused by a need to link space-based and earth-based perspectives. They 
highlighted that many of the previous interventions reported in the literature focused only on 
space-based perspectives. 
 Another reason why learning the causes of the seasons may be a challenging topic is that 
the distance idea provides sufficient explanatory power for many events that students encounter 
in everyday life. In their lived experiences with ovens, campfires, and other heat sources, 
students have experienced that they feel warmer when they are closer to the heat source, and they 
feel cooler as they increase their distance from the heat source. These types of everyday 
experiences that shape intuitive ideas about phenomena have been discussed in the conceptual 
change literature as phenomenological primitives, or p-prims (diSessa, 1993). However, if 
everyday experiences based on bodily interactions with the environment could be a source of 
alternative conceptions, could body-based experiences also be a source for developing scientific 
conceptions?  
 A number of additional studies suggest that the body can indeed be a useful source of 
ideas that can contribute to canonical conceptual understanding of the causes of the seasons. 
Crowder (1996) studied how students developed explanations of the seasons, and she noticed 
that students frequently gestured while doing so. Furthermore, she noticed that students gestured 
differently when they were communicating explanations to another person that they had already 
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determined versus when they gestured for themselves as they were in the process of constructing 
their explanations. Other researches have examined how students construct explanations of 
seasons in clinical interview settings, and they noted numerous examples of students using 
gestures (Sherin, Krakowski, & Lee, 2012). Classroom-based studies have explored the efficacy 
of what they called designed gestures (Padalkar & Ramadas, 2011). In this research, eighth grade 
teachers engaged students in 40 intentional body-based movements, including gestures, 
throughout an astronomy curriculum unit. They also documented spontaneous gestures that 
students produced while interviewed about their astronomy ideas. Additional studies have also 
explored how a focus on teachers’ embodied activities could support construction of astronomy 
ideas (Wilson, 2013; Kim, 2015). Researchers have started to pay serious attention to the 
potential role of gesture in supporting student learning of the seasons (Plummer, Bower, & 
Liben, 2016), but they have called for future research to explicitly look at whether gestures could 
be used to help students connect earth-based and space-based perspectives. These studies have 
looked at gesturing from different perspectives, such as whether they are spontaneous or whether 
they are cued by a learning environment or teacher (Lindgren, 2015). The different perspectives 
on gesture in science education are discussed in more detail later in Chapter 2. 
 To summarize some of the themes from the literature, previous research has highlighted 
the potential of simulations to support learning of the seasons. More recently there has been 
attention on the role gestures might play in supporting learning of the seasons. This dissertation 
combines these areas by exploring student learning of seasons with a gesture-augmented 
simulation. A recent synthesis of the literature on instructional approaches designed to support 
conceptual change in astronomy topics has additionally identified a need to more closely 
examine data collected during the process of learning rather than only looking at pre and post 
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measures (Mills, Tomas, & Lewthwaite, 2016). This dissertation addresses this call by providing 
qualitative analysis of learning process as well as quantitative analysis of learning outcomes. 
Before discussing more specifics of this dissertation study, there is a need to explicate the 
theoretical perspectives that frame this study. 
Theoretical Perspectives 
 This section is divided into two subsections in which I briefly discuss main ideas of 
constructivism and embodied cognition before elaborating on connections and implications for 
teaching and learning science. These theories influenced my thinking about the design of the 
learning environment support used in this dissertation study, with constructivism influencing my 
perspective on overall processes of student learning and embodied cognition influencing specific 
types of interaction that contribute to that learning. In the first subsection I examine ways that 
constructivism has shaped contemporary practices in science education. In the second subsection 
I explore the landscape of variation in ideas about embodied cognition. Then I dedicate space to 
explicitly considering compatibilities and incompatibilities between constructivism and 
embodied cognition. 
Constructivism 
 Rather than one unified theory, constructivism is a set of theories of knowing (von 
Glasersfeld, 1993) that share the core commitment "that knowledge is not transmitted directly 
from one knower to another, but is actively built up by the learner" (Driver et al., 1994, p. 5). 
This central idea of constructivism is accompanied by central implications such as the view that 
students have existing ideas that play a role in their development of new ideas. Driver et al. 
(1994) explored the terrain of constructivism to show that some theorists focus on individual acts 
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of construction while other theorists focus on social aspects of construction, and they made the 
case that both are important for science learning. 
 Millar (1989) argued that constructivism has received a welcome reception in the science 
education community because its basic tenets are difficult to deny. He exemplified this by stating 
"the ideas that every learner has prior ideas or conceptions about many (perhaps even all) science 
topics before instruction and that these are often tenacious and difficult to modify are readily 
granted" (p. 588). 
 However, claims that are fundamental to specific versions of constructivism are 
sometimes lead to dissenting opinions. Take the example of the radical constructivist view that 
reality is fundamentally unknowable but only that experiential reality is knowable (von 
Glasersfeld, 1993). Critics of the radical constructivist view claim that the radical view lends 
itself to relativism (Staver, 1998), which problematizes the practice of evaluating student 
thinking. Sharing this point is intended to illustrate that while constructivism has been widely 
accepted, at least superficially, specific versions of constructivism raise complex issues that are 
not uniformly agreed upon. While sharing this point is intended to be provocative, an in-depth 
exploration of nuances in conceptualizations of constructivism is outside the scope of this 
dissertation. Within the work of this dissertation my focus is ultimately on individual cognitive 
constructivism. From this perspective, the scientific view and reality are not called into question, 
but there is an assumption that learning entails acts of meaning construction mediated by the 
tools and interactions. This perspective rejects the common banking model of information 
transmittal. 
Origins of constructivism. While von Glasersfeld (1993) traced roots of constructivism 
back to the sixth century B.C., the roots of the modern constructivism movement are often 
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attributed to the work of Jean Piaget (Staver, 1998). Informed by his study of children's 
development, Piaget attributed learning to the process of building and modifying conceptual 
structures that he called schemes. He proposed processes of assimilation, accommodation, and 
equilibration to account for how these conceptual structures are developed. When individuals 
interact with the world in ways that are unproblematic in terms of their existing schemes, new 
information may be added to their existing schemes via assimilation. However, during instances 
when interactions with the world do not fit with existing schemes, Piaget claimed that the 
individual enters a state of disequilibrium. This disequilibrium provides the impetus to modify 
schemes or develop new schemes via accommodation. As a consequence of accommodation, 
equilibrium is restored (Staver, 1998). 
 Piaget provided an account of these processes via the study of his infant's development of 
a scheme for hitting (Duckworth, 1979). In this account, Piaget’s child, Laurent, attempted to 
grasp a doll hanging in front of him, which result in him unintentionally bumping the doll out of 
reach. Over time and successive attempts, Laurent learned to hit without trying to grasp, and 
Piaget provided this as evidence of accommodation and the development of a new scheme, 
specifically the scheme of hitting. 
 Theorists have since elaborated on and refined Piaget's ideas about constructivism. An 
influential figure that has already been discussed is von Glasersfeld, who championed a view of 
radical constructivism (von Glasersfeld, 1993). However, it is interesting to note that even Piaget 
himself argued that "knowledge is not a copy of reality" and instead contended that "to know an 
object is to act on it" (Piaget, 1964, p. 176). 
 The importance of action was also emphasized in the work of John Dewey 
(Vandertraeten, 2003). Dewey criticized psychological work that attempted to separate stimulus 
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and response, and instead he advocated a focus on the transaction between the environment and 
the individual. The connections between action and perception, Dewey argued, form the 
foundation for learning that manifests in predispositions for thought and action. Vandertraeten 
(2003) has traced how these Deweyan ideas paved the way for constructivism, and I argue these 
same ideas enable synergy between constructivism and embodied cognition. 
 Although Piaget's ideas mainly focused on constructivism on an individual level, a 
number of theorists have raised awareness of the social aspects of learning. One such prominent 
theorist is Lev Vygotsky, whose ideas brought attention to the social interactions and cultural 
contexts that shape learning (Phillips & Soltis, 2009). Vygotsky highlighted the role of language 
as a cultural tool, which casts a social light on activities that appear individual such as reading a 
book. The importance of culture in learning is particularly relevant to Driver et al.'s argument 
that learning science involves learning the cultural tools of science (1994). 
The role of constructivism in shaping contemporary science classroom practices. As 
previously discussed, constructivism has had a broad impact on education in general and on 
science education in particular. In this section I identify five ways that constructivism has shaped 
contemporary science education practices. These ways include: active learning, a focus on 
concepts, meaningful contexts for learning, social learning arrangements, and an emphasis on 
processes of knowledge generation. 
Active learning. One of the clearest impacts of constructivism on science education is the 
emphasis on active learning. However, because the term active learning is vague, sometimes it is 
oversimplified and interpreted as having "hands on" activities and laboratories. Nevertheless, this 
arrangement is in opposition to a traditional form of instruction in which the teacher is positioned 
as a source of knowledge and students are positioned as targets of the teacher's knowledge. The 
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ethos of active learning has positioned the pedagogical technique of lecture as a villainous 
activity. This ethos has played a role in the recent trend across multiple disciplines to "flip" 
classroom instruction by providing lectures on demand via the internet outside of class time and 
instead using class time for more active pedagogical techniques such as problem solving. 
 An emphasis on active learning is apparent in the NGSS, which have been written as lists 
of performance expectations that indicate what students should be able to do after instruction 
(NGSS Lead States, 2013). Table 1 showed an example of a performance expectation from 
middle school science. 
 The performance expectations are shaped around three dimensions, one of which is 
Scientific and Engineering Practices. The eight practices for science listed in the Framework are:  
(a) asking questions,  
(b) developing and using models,  
(c) planning and carrying out investigations,  
(d) analyzing and interpreting data,  
(e) using mathematics and computational thinking,  
(f) constructing explanations,  
(g) engaging in argument from evidence, and  
(h) obtaining, evaluating, and communicating information. (NRC, 2012, p. 42) 
These practices create the expectation that students will have an active rather than passive role in 
their science learning experiences. However, these types of roles are more complex in practice 
and rather than being viewed in binary terms (e.g., active or passive), there is a need to explore 
how students engage in these processes. 
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A focus on key concepts that apply in multiple domains. In addition to the dimension of 
Scientific Practices, the NGSS are also based on the dimension of Crosscutting Concepts. The 
seven Crosscutting Concepts listed in the Framework are: 
(a) patterns, 
(b) cause and effect: mechanism and explanation, 
(c) scale, proportion, and quantity,  
(d) systems and system models,  
(e) energy and matter: flows, cycles, and conservation, 
(f) structure and function, and 
(g) stability and change. (NRC, 2012, p. 84) 
The influence of constructivism is that rather than the traditional practice of asking students to 
memorize isolated and discrete facts, there is a contemporary focus on building understanding of 
key concepts. Contemporary science instruction involves revisiting conceptual ideas multiple 
times throughout students' educational careers so that they can build deeper and more complex 
understanding of concepts over time. This building of understanding is also illustrated by the 
work on learning progressions for disciplinary core ideas, which aim to articulate how students 
build progressively more complex scientific ideas over time.   
Meaningful contexts for learning. Constructivist theories emphasize that students have 
existing ideas for making sense of the world. Contemporary practices in science education 
recognize the importance of framing learning experiences in ways that are relevant to students' 
existing ideas and in ways that connect to students' lives. This is in contrast to the traditional 
view of students as blank slates. From the traditional view, it would be unproblematic to frame 
learning experiences according to the table of contents of a textbook. Instead, contemporary 
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practices involve pedagogical approaches such as problem-based learning and project-based 
learning, which contextualize learning in authentic contexts that have great potential to be 
personally meaningful to students. The idea of meaningful contexts for learning is also 
exemplified by recommendations to design curriculum units with "storylines" that provide a 
rationale for why students should care about the phenomena under investigation (Reiser, 2014). 
Social learning arrangements. Constructivism has influenced increases in cooperative 
learning, collaborative learning, and other social learning arrangements in science classrooms. 
This is in contrast to the traditional approach of focusing on individual students in isolation from 
one another. von Glasersfeld (1993) articulated his view of the value of social learning 
arrangements by stating, 
students who work at a problem together have to verbalize how they see they problem 
and how they propose to solve it. This is one way of generating reflection, which requires 
awareness of what one is thinking and doing. This, in turn, provides occasions for active 
abstraction. (p. 31) 
 Some of the practices that are a part of NGSS, such as engaging in argument from 
evidence, explicitly entail students working with one another to make sense of scientific 
phenomena. These types of arrangements provide opportunities for students to reflect on cultural 
aspects of science, where such practices are norms (Driver et al., 1994).  
An emphasis on processes of knowledge generation. The NGSS practices of 
constructing explanations and engaging in argument from evidence give students additional 
opportunities to build their understanding of concepts in ways that can help them learn about the 
culture of science (Driver et al., 1994). These practices are particularly well suited to having 
students reflect on the ways in which they construct knowledge and the ways in which the 
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scientific enterprise operates to construct knowledge. These practices are incorporated in a 
popular pedagogic approach to scientific explanation called the claim, evidence, reasoning 
(CER) framework (McNeill & Krajcik, 2012). The emphasis on processes of knowledge 
generation can be contrasted with the traditional practice of focusing on the products of the 
scientific enterprise–the facts and information that result from completed inquiries and that have 
relatively stable interpretations within scientific communities. 
Embodied Cognition 
 Similar to the lack of one single unified theory of constructivism, there is no single 
unified theory of embodied cognition (Wilson, 2002). This is not surprising given the diversity of 
disciplines that contribute ideas to embodied cognition such as psychology, cognitive science, 
and neuroscience. However, there are three key tenets that broadly characterize embodied 
cognition: The body shapes cognition; consequently cognition is modal, and cognition involves 
simulation. In the next section I briefly describe each of these tenets. Then I highlight some 
theorists of embodied cognition and distinguish between some of the variations of embodied 
cognition. 
Key tenets of embodied cognition. 
The body shapes cognition. Traditional Western thought predominantly subscribes to 
Cartesian dualism in which mind and body are viewed as distinct, with the mind superior to the 
body. From this view the body is associated with low status physical tasks while the mind is 
associated with high status mental tasks such as reasoning. 
 However, embodied cognition calls the distinction between mind and body into question 
and elevates the status of the body as central to thinking. In his seminal book The Body in the 
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Mind: The Bodily Basis of Meaning, Imagination, and Reason, Mark Johnson (1987) 
summarized these points: 
The centrality of human embodiment directly influences what and how things can be 
meaningful for us, the ways in which these meanings can be developed and articulated, 
the ways in which we comprehend and reason about our experience, and the actions we 
take. Our reality is shaped by the patterns of our bodily movement, the contours of our 
spatial and temporal orientation, and the forms of our interactions with objects. It is never 
merely a matter of abstract conceptualization and propositional judgments. (p. xix) 
Johnson's last point segues to the second tenet of embodied cognition. 
Cognition is modal. Traditional views of cognition suggest that thinking occurs as the 
processing of amodal symbols and propositions involving those symbols, much like processing 
performed by a computer. In contrast to this view, embodied cognition posits that thinking 
occurs with modal representations based on the body's sensory experiences in the world. 
Barsalou (2008) gave examples of the body's modal systems for "perception (e.g., vision, 
audition), action (e.g., movement, proprioception), and introspection (e.g., mental states, affect)" 
(p. 618). 
 This tenet can be illustrated with an example of performing a simple calculation such as 2 
+ 3 = 5. A traditional view of cognition would suggest that the mind processes the abstract 
numerical symbols to arrive at the solution. An embodied view is easy to imagine for a child who 
may perform the calculation by counting on her fingers or by counting blocks. However, an 
embodied view also holds that an adult performing the calculation would be using cognitive 
resources that had their roots in modal bodily experiences. 
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Cognition involves simulation. Again at the antithesis of cognition with the processing of 
amodal symbols, embodied cognition suggests that thinking occurs with perceptual simulations 
that are generated from embodied experiences (Barsalou, 2008). Barsalou (2008) described 
simulation as "the reenactment of perceptual, motor, and introspective states acquired during 
experience with the world, body, and mind" (p. 618). 
 Barsalou used the example of a person's conception of a chair. Rather than suggesting 
that the brain encodes the concept of chair in an amodal format, an embodied cognition view 
suggests that the brain encodes perceptual information (e.g., what the chair looks like), motor 
information (e.g., how the process of sitting in a chair feels), and introspective information (e.g., 
a mental state such as relaxation) (2008, p. 618). When the concept of chair is activated in the 
future, aspects of these modal representations can be used to recreate partial simulations of the 
concept of chair. 
Theorists and Theoretical Flavors of Embodied Cognition. Barsalou, who has already 
been shown to be an important figure in the field, divided theories of embodied cognition into 
the four main groups of cognitive linguistics theories, theories of situated action, social 
simulation theories, and cognitive simulation theories (2008, pp. 621-623). I will briefly 
characterize each of these groups and highlight some theorists who work in each. 
Lakoff and Johnson are prominent theorists in cognitive linguistics theories. A portion of 
their work, such as the seminal book Metaphors We Live By, explored how abstract concepts 
such as happiness or sadness are talked about and thought about metaphorically such as by 
saying that someone is feeling up or feeling down (Barsalou, 2008, p. 621). 
Theories of situated action emphasize the role of perception and action in an 
environment. The field of robotics is also associated with this group of theories (Barsalou, 2008, 
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p. 621). Clark works in this area and has an interest in understanding cognition in real-world and 
real-time environments (Clark, 1998). 
Goldman is a prominent theorist of social simulation theories, which seek to explain how 
people "represent the mental states of other people" (Barsalou, 2008, p. 623). Neuroscience 
research in this area has identified mirror neurons that fire when observing others' actions, 
providing a possible mechanism by which simulations of others' mental states can occur 
(Barsalou, 2008, p. 623). 
Cognitive simulation theories do not entirely abandon the idea of cognition with symbols, 
but it recognizes the nature of symbols as modal rather than amodal. Barsalou and Glenberg are 
prominent researchers in this area, with Glenberg's interests involving modal accounts of 
memory in particular (Barsalou, 2008, p. 621). This category is one of the most relevant for this 
dissertation study because of my assumption that gestures have a bidirectional relationship with 
imagistic mental models. 
 As stated in the section introduction, there is no one unified theory of embodied 
cognition. Consequently, theorists vary in the meanings they attach to the theory, and this results 
in several variations of embodied cognition. One characterization of these variations was 
presented above. Another way to characterize these variations is presented below. The second 
characterization includes variations based on online and offline embodied cognition as well as 
versions of the theory that differ with regards to the unit of analysis. 
Online and offline embodied cognition. Some research on embodied cognition focuses 
on online contexts. Wilson (2002) used the term online to refer to situations in which cognition 
occurs while perceiving and acting upon the environment in real time. Wilson gave the example 
of driving a car as an act that would occur in an online context. The argument for viewing 
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cognition in this way is that evolutionary pressures have shaped humans' need for perception and 
action in situations such as avoiding predators and hunting prey. 
 However, embodied cognition can also focus on offline contexts. Wilson defined offline 
contexts as those that occur "in the absence of task-relevant input and output" (2002, p. 626). An 
example would be planning for future events such as planning meals for a week and generating a 
shopping list at home. Even from an evolutionary perspective, Wilson made the case that this 
type of cognition likely served an important role as humans recalled the location of food sources 
and made plans to gather the food in the future. 
 As the concepts of online versus offline contexts apply to this dissertation study, students 
use gestures in an online context when they use them to interact with a computer simulation. In 
this context, student hand movements enable them to act upon the digital environment of the 
simulation. This is in contrast to using gestures in an offline context such as when students may 
imagine using one of the gestures while discussing their ideas in a conversation with their 
classmate or in the post-interview. 
Variations in the unit of analysis. The first tenet that was discussed was that the body 
shapes cognition. However, debates remain over how to conceive the relationship between body 
and mind. One end of the spectrum holds the view of a separate body and mind, while still 
acknowledging a role that the body has in shaping the mind. Another view is that the mind and 
body cannot be separated and should be considered together. A step farther on the spectrum 
includes a view that goes beyond the individual to include the system of the mind, body, and the 
environment as the relevant unit of analysis. Wilson (2002) took a pragmatic stance on these 
variations and suggested that the system of interest may be defined differently depending on the 
specific goals of a research project. 
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Constructivism and Embodied Cognition 
 Thus far I have discussed constructivist theories and embodied cognition theories each in 
turn. In this section I explore the ways in which constructivism and embodied cognition are 
compatible, as well as ways in which the two theories are not compatible. 
Compatibilities between constructivism and embodied cognition. 
Embodied experiences are a source for students' existing ideas. A key idea of 
constructivism is acknowledging that students have existing ideas and that it is important for the 
teacher and students to recognize those ideas during instruction. Constructivists sometimes refer 
to students' existing ideas as misconceptions or alternative conceptions, and they acknowledge 
that these ideas often arise from students' everyday experiences. However, embodied cognition 
lends additional explanatory power as to the source of many of these types of ideas. Since 
embodied cognition recognizes students as embodied agents in the world, their commonsense 
ideas can be attributed to their bodily experiences in the world. Viewing student ideas in this way 
removes some of the stigma associated with a term such as misconceptions and instead 
acknowledges that students' ideas have helped them interact in the world. This perspective 
legitimizes student experiences and helps teachers take student ideas seriously. 
 This perspective is particularly compatible with the notion of phenomenological 
primitives, or p-prims (diSessa, 1993). Rather than stable, complete structures, p-prims are 
knowledge fragments that can be brought to bear on thinking in a context. Hammer (1996) gave 
the example of students being asked to "explain why it is hotter in the summer than in the 
winter" and many of them incorrectly responding that it is "because the earth is closer to the sun" 
(p. 102). Hammer argued that students may have constructed their idea in that context based on 
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the p-prim of "closer means stronger" (p. 102). He continued to elaborate on that p-prim by 
describing it as: 
an abstraction by which one may understand a range of phenomena: Candles are hotter 
and brighter the closer you get to them; music is louder the closer you are to the speaker; 
the smell of garlic is more intense the closer you bring it to your nose. (p. 102) 
It is worth explicitly identifying that feeling a hot flame, seeing a bright light, hearing loud 
music, and smelling pungent odors are all experiences that result from perceptual sensory 
experiences. The central role that embodied cognition has for sensory experiences in cognition 
explains the source of students' p-prims as intuitive understandings resulting from their 
embodied experiences in the world. 
The role of formalisms in science instruction. Before describing this compatibility, it is 
necessary to clarify what is meant by formalisms. Nathan (2012) defines formalisms as the 
"specialized representational forms that use heavily regulated notational systems with no 
inherent meaning except those that are established by convention to convey concepts and 
relations with a high degree of specificity" (p. 125). He gives examples of formalisms such as 
"mathematical expressions and equations, stoichiometric equations, and vector diagrams, 
Boolean algebra, and computer programming routines..." (p. 125). 
 Given that formalisms are relevant for full participation in domains such as mathematics 
and science, it stands to reason that mastery of formalisms should be an outcome of education. 
However, Nathan (2012) argues against the common notion that learning formalisms first is 
necessary in order to develop concepts that can then be applied at a later time. The danger of a 
formalisms first view is that it may emphasize manipulation of symbols instead of building 
understanding of the concepts that the formalisms are intended to represent. A consequence of 
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focusing on formalisms first is that "students may not achieve a grounded understanding that 
allows them to construct meaning of these formalisms in terms of other things that they already 
understand, or things they can perceive and manipulate" (Nathan, 2012, p. 138). Nathan further 
illustrates his point with the famous Chinese room example, attributed to John Searle. In the 
example, a person who does not know Chinese is inside a room that has Chinese symbols and a 
rulebook for how to manipulate them. If a question in Chinese is passed to the person, she could 
conceivably use the rulebook to pass back an answer in Chinese, all the while having no 
understanding of Chinese. The danger is that the person in the room could appear to understand 
Chinese when in reality she does not. 
 Instead of a formalisms first approach, Nathan suggests using a progressive formalization 
approach in which students have concrete experiences that ground the formalisms that are 
eventually introduced when they are needed later in instruction. 
 Both constructivism and embodied cognition would agree that formalisms should not be 
the starting point for instruction. Rather, meaning should be constructed around formalisms, and 
embodied experiences provide a mechanism for grounding that meaning construction.   
Reflection is a key process for meaning making. Driver et al. (1994) specify that in 
instruction informed by constructivism "the teacher's role is to provide the physical experiences 
and to encourage reflection" (p. 7). A constructivist view would contend that having experiences 
is not enough to construct meaning. In a similar way, Abrahamson and Lindgren (2014) argued 
that embodied actions often result in tacit knowledge that needs to be better understood through 
processes of structured reflection. From both perspectives, doing is not enough. Learners’ 
engagement with physical action should involve critical reflection on that action in order to 
support meaning making. 
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Sensory experiences provide the source for our knowledge of the world. This point 
should be clear from an embodied cognition perspective. However, it is worth mentioning that 
this point is particularly compatible with a radical constructivist view. Although the radical 
constructivist position is sometimes misconstrued as claiming that there is no reality, it instead 
claims that although there is a reality we have no way to experience it other than through our 
own experiential apparatus, our senses (von Glasersfeld, 1993). 
Potential incompatibilities between constructivism and embodied cognition. 
Location of the mind. Like much of Western thought, Constructivism seems rooted in 
the Cartesian dualism of mind and body as a default assumption. Much of the discussion of 
constructing concepts explicitly or implicitly talks about building concepts in the mind (e.g., 
mental representations, schemes), while by and large not giving explicit attention to the role of 
the body in cognition. From the discussion of compatibilities, connections to the body are 
possible (e.g., p-prims), but the connections are not explicit. 
The role of social dynamics in cognition. Embodied cognition mainly focuses on the 
individual. Even when I have discussed diverging camps within the umbrella of embodied 
cognition that consider the mind in conjunction with body and environment, no explicit attention 
was paid to the role of embodiment of groups of students. Barsalou, Niedenthal, Barbey, and 
Ruppert (2008) have done work on social cognition, but it has not attended to social interactions 
in the ways that aspects of constructivism focus explicitly on the role of social interaction in 
meaning making and cognition. Instead that body of work focuses on problems such as how 
individuals make sense of others' affective states. This appears to be an area of development for 
embodied cognition, while constructivism has already included individual and social 
perspectives. 
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Considerations for Instructional Design 
 Abrahamson and Lindgren (2014) have specified principles of embodied design, and my 
goal is not to reproduce their work in this section. Rather, my goal is to present broad 
considerations that teachers can use to reflect on instructional decisions that have a basis in 
theories of embodied cognition. These are considerations that I will further use in Chapter 3 
when describing the rationale for the design of the learning environment used in this study. 
How can the body be used as a resource for constructing meaning? This 
consideration should help teachers evaluate their reasons for using body-based instruction. Some 
teachers have suggested that having students use their bodies is something they find fun or that it 
gives students a break. Some teachers use the body as part of classroom management strategies 
that include arbitrary signals that may symbolize something such as a request that students stop 
talking. Others teachers use body movement as exercise. An argument could be made for 
positive reasons to use the body in each of these ways. However, it should be acknowledged that 
none of them are taking advantage of the perspective offered by embodied cognition whereby the 
body can be a resource for meaning making.  
What relevant embodied experiences have students had? I have already discussed 
connections between p-prims and embodied cognition. This relationship provides teachers with a 
useful lens to anticipate possible student ideas. When designing instruction about a topic, such as 
the cause of the seasons, considering this question can provide insights to anticipate possible 
student ideas based on their embodied experiences that may make it difficult to construct 
canonical scientific views. Identifying these experiences can help students recognize contexts 
when their commonsense ideas apply and contexts when they do not apply. 
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How can students be supported in reflecting on their embodied experiences? I have 
already made the case that reflection is key for meaning making from experiences. Keeping this 
consideration in mind can guide instruction with ideas for possible questions for discussion and 
written reflection that can support student meaning making. 
What additional strategies can be used to help struggling students? Embodied 
cognition provides teachers with a number of additional ways of thinking about supporting 
students when they are struggling. Students may be having difficulties because of formalisms so 
teachers can think about experiences they can provide for students. Students with language 
difficulties can be encouraged to use their bodies to express their ideas. A struggling reader can 
be encouraged to imagine scenes while reading in order to help improve reading comprehension. 
Summary 
 In this section of the literature review, I examined the theories of constructivism and 
embodied cognition individually as well as collectively. Each theory provides numerous 
considerations for teaching and learning science, and there are many ways in which the theories 
connect with one another. Yet it is also clear that there are limitations to the situations and 
contexts to which each theory can be relevantly applied. Nevertheless, both theories offer the 
potential to critically reflect upon science teaching and learning. 
 I intend to use constructivism to inform the overall learning arrangement in my study 
(e.g., students working in pairs and asked to discuss changes to their ideas). I intend to use 
embodied cognition to inform specific interactions in my study (e.g., gesturing to embody light 
rays in order to control the simulation). More details about how these theories informed my 
design can be found in Chapter 3. 
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Simulations and Science Learning 
 Several research syntheses are all in agreement – computer simulations are recognized as 
effective tools for promoting science learning outcomes (e.g., NRC, 2011; de Jong & van 
Joolingen, 1998; Smetana & Bell, 2012). After a brief introduction of simulations and a 
summary of evidence that they are effective, I discuss how theories of constructivism and 
embodied cognition can be used to explain why they are effective. Then I explore implications of 
these theories for the design of simulations and compare these implications to those that have 
been communicated in the literature. I extend the notion of simulation design to include the 
design of the learning contexts in which they are used with a discussion of issues related to 
teacher use of simulations. 
What are Simulations? 
 In the 2011 National Research Council report Learning Science Through Computer 
Games and Simulations, simulations are defined as "computational models of real or 
hypothesized situations or natural phenomena that allow users to explore the implications of 
manipulating or modifying parameters within them" (p. 9). The provided definition further 
elaborates that "simulations allow users to observe and interact with representations of processes 
that would otherwise be invisible" (p. 9). The authors proceed to describe four dimensions along 
which simulations differ: "(1) the degree of user control, (2) the extent and nature of the 
surrounding guiding framework in which the simulations are embedded, (3) how information is 
represented, and (4) the nature of what is being modeled" (p. 11). While an extensive exploration 
of each of these dimensions is outside the scope of this paper, elaboration upon the fourth 
dimension will add clarity to subsequent parts of the paper. 
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 An important point from the fourth dimension is to recognize that simulations may focus 
on modeling different things. Scalise, Timms, Moorjani, Clark, Holtermann, and Irvin (2011) 
characterize simulations as focusing on one of two broad categories, either virtual laboratories 
or simulations of scientific phenomena.  
 Scalise et al. (2011) define virtual laboratories as programs that "simulate on-screen the 
experiments that are traditionally performed in real school laboratories as part of biology, 
chemistry, and other science subjects" and that "provide opportunities to use virtual materials, 
equipment, and tools that are designed to replicate those in an actual laboratory" (p. 1053). An 
example of a virtual laboratory is a simulated frog dissection. A virtual laboratory focuses on a 
procedural process similar to a process that could be carried out in the real world but may be 
used instead because of constraints such as budgets, time, safety concerns, or ethical 
considerations. However, a virtual laboratory does not necessarily focus on additional 
affordances for helping students build conceptual understanding. 
 Scalise et al. (2011) define simulations of scientific phenomena as computer models that 
show a phenomenon with dynamic systems that are not normally visible (p. 1053). An example 
of this type of simulation is the simulated boiling of water that also shows molecular behavior of 
the system.  
 The dichotomy of virtual laboratory and simulation of scientific phenomena is, of course, 
false but nevertheless useful. Take either of our examples, and they can be envisioned as hybrids 
of these two categories. A virtual laboratory of a frog dissection could include representations of 
unseen mechanisms such as molecular movement during gas exchange, and a simulation of water 
boiling could allow the user to manipulate conditions such as temperatures, containers, etc. Even 
though the distinction is often blurry, conceptualizing these two categories is useful because the 
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distinction is not always made clear in the literature on simulations. Admittedly, in some cases 
the distinction is not needed, but in other cases the distinction clarifies implications for design 
and use of simulations. In this paper I will explicitly draw the distinction in instances where I 
think important differences may apply. 
What is the Evidence that Simulations Have Positive Impacts on Science Learning? 
 Before proceeding with this discussion, it is important to note that reviews of studies of 
learning with simulations have been a part of the research base for quite some time. In one 
seminal review, de Jong and van Joolingen (1998) reviewed empirical studies of simulations in 
order to discuss problems that learners often have with simulation discovery learning 
environments. Importantly, they also suggested ways to support students with overcoming those 
difficulties. Despite these contributions to the field, two main issues raise a need for more 
contemporary work on the topic. The first issue is that rapid advances in technology have 
occurred since the publication date, and therefore reviews of more recent studies with more 
recent technologies are needed. The second issue is that the notion of using simulations only for 
discovery learning is quite narrow and neglects many additional ways to use simulations. 
Because of these issues, I discuss conclusions drawn from more recent work in the following 
subsections. 
 Learning science through computer games and simulations. In 2011 the National 
Research Council published the report Learning Science Through Computer Games and 
Simulations, which was an outcome of a 2009 workshop that was held to specifically discuss the 
topic. The report presented a synthesis of literature on the effectiveness of using games and 
simulations and provided suggestions for future research. 
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 While the authors concluded that there was not enough evidence to make general 
statements about the effectiveness of games, they did conclude that there was strong evidence 
that simulations can help students develop conceptual understanding of scientific topics. They 
also concluded that there was moderate evidence that simulations can increase student 
motivation and interest in science. However, they also identified that there was little research on 
the effectiveness of simulations for achieving other science education goals such as increasing 
proficiency with practices such as argumentation and developing sophisticated understanding of 
nature of science. 
 The report also highlighted weaknesses in existing research on simulations. Despite 
numerous studies that had been done, research has seldom been explicit about the design features 
of simulations that are intended to produce specific learning outcomes. Therefore the authors 
suggested that in order to improve the quality of research on simulations, researchers "should 
describe the design features that are hypothesized to activate learning, the intended use of these 
design features, and the underlying learning theory" (p. 3). 
 Student learning in science simulations: Design features that promote learning 
gains. In 2011 Scalise et al. published the timely results of a study funded by the National 
Science Foundation in the Journal of Research in Science Teaching. The study, titled Student 
Learning in Science Simulations: Design Features That Promote Learning Gains, addressed 
some of the shortcomings of the research base described in the 2011 NRC report. A discussion of 
some of the design features is included in a later section of this paper, but the present section 
touches upon the evidence that the researchers found for the effectiveness of simulations. With a 
focus on the use of simulations in formal settings for grades 6 through 12, the researchers 
included 79 studies in their literature synthesis. In a summary of learning outcomes from these 
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studies, over 70% reported student learning gains, approximately 25% reported mixed results, 
and less than 5% reported no learning gains (p. 1059). 
 The learning effects of computer simulations in science education. Rutten, van 
Joolingen, and van der Veen (2012) conducted a literature review of experimental and quasi-
experimental studies of the use of computer simulations in science that were published between 
2001 and 2010. A total of 51 papers met their inclusion criteria, and from their analysis they 
concluded that using simulations has positive outcomes both when replacing traditional 
instruction and when supplementing other forms of instruction. While this finding is consistent 
with findings from other recent work, Rutten et al. made unique contributions with suggestions 
for future research in this area. First, they concluded that "most researchers have investigated the 
effectiveness of computer simulations without including such factors of influence as teacher 
guidance, classroom session scenarios or curricular characteristics" (2012, p. 150). Second, while 
investigating aspects of simulation design that improved learning, the researchers concluded that 
"no study found a big effect for immersion," and they reasoned that was because the reviewed 
studies did not articulate the role that immersion was intended to serve in the learning process 
(2012, p. 151). Based on this review, more research is needed in both these areas. 
 Computer simulations to support science instruction and learning: A critical review 
of the literature. Smetana and Bell (2012) published an article in the International Journal of 
Science Education around the same time as the previously mentioned reports. Their article, 
Computer Simulations to Support Science Instruction and Learning: A Critical Review of the 
Literature, systematically analyzed 61 studies about the use of computer simulations in science. 
Out of this total, 80% of the studies reported improved learning outcomes from using simulations 
as opposed to more traditional methods, 18% of the studies reported no differences in learning 
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gains between using simulations and other methods, and one study reported an outcome in which 
more traditional methods resulted in better learning (p. 1356). 
 Simulations for STEM learning: Systematic review and meta-analysis. The most 
recent synthesis on the topic is a 2014 report authored by D'Angelo, Rutstein, Harris, Bernard, 
Borokhovski, and Haertel. Their study, Simulations for STEM learning: Systematic Review and 
Meta-Analysis, was funded by the Bill and Melinda Gates Foundation, and they published the 
results on the SRI International web site. The authors extended beyond the domain of science to 
include simulations from other STEM disciplines in their analysis, and they provided a rationale 
for their study by critiquing previous reviews in which the "literature has not been quantitatively 
and systematically analyzed" as a meta-analysis (2014, p. 1). A total of 59 studies met their 
inclusion criteria, and based on their analysis the authors concluded that science instruction with 
simulations resulted in higher learning gains than instruction without simulations. While trying 
to account for differences in outcomes using statistical methods, they did not find any differences 
based on whether students worked individually, in pairs, or in small groups, but they did find that 
longer term use of a simulation (i.e., more than three occasions but less than eleven) typically 
resulted in better learning outcomes (p. 39). 
 Discussion. All five syntheses are in agreement that simulations are productive for 
conceptual science learning. However, each report offers some unique insights that have helped 
advance the field. Among these insights are claims that more work needs to be done to 
investigate factors such as design features that increase effectiveness, and more attention needs 
to be paid to factors such as curricular context and teacher support. 
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Theoretical Support for the Use of Simulations 
 Now I turn my attention from syntheses of empirical work showing that simulations are 
effective for science learning, and in this section I shift my focus to discussing theories that help 
explain why using simulations can support science learning. In particular I discuss perspectives 
based on constructivism and embodied cognition. 
How constructivism supports the use of simulations. 
 Active agents. The notion of learners as active agents suggests that simulations could be 
designed to maximize student involvement. This may apply to the interactivity common in 
simulations from manipulating inputs and viewing outputs, but it also may apply to involving 
students' ideas more actively such as by enabling additional ways to express their ideas about 
phenomena. 
 Prior knowledge. One way to involve students' ideas is to design simulations that activate 
their prior knowledge. One way to do this may be to ask students to make predictions and also to 
articulate their reasoning for their predictions. It may be particularly useful to do this when 
students investigate phenomena that are discrepant events, with outcomes that are often contrary 
to their everyday experiences and intuitions. Another way to involve students' ideas is to design 
simulations that encourage reflection. When simulation outputs are perceived, simulations could 
be designed to help students compare the outcomes with their prior ideas and to acknowledge 
similarities and differences. 
 Individual processes. From perspectives that view knowledge construction as an 
individual process, simulations could be designed to allow for flexibility in their use. Not all 
students have the same prior knowledge and thus linear pathways through using a simulation 
may not be equally effective for all students. Instead, simulations could be designed with 
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multiple pathways for use and should have the ability to allow students to explore their ideas, 
especially with the ability to explore ideas that are commonly held as alternative conceptions of 
scientific phenomena. 
 Social processes. From perspectives that view knowledge construction as a social 
process, simulations could be designed to promote social interactions among students and 
between students and teachers. Simulations could specifically aim to promote discussion and 
discourse among students, perhaps by helping them track multiple ideas so that they can be 
compared. Simulations could also provide information to the teacher so that the students' use of a 
simulation becomes a tool for formative assessment and an impetus for just in time support from 
the teacher. 
How embodied cognition supports the use of simulations. 
 Importance of body in thought. The perhaps simple design implication is that 
simulations should involve students in "doing." Processes involving the body may be simulated, 
but they could be closer approximations to involving the body than traditional approaches. An 
example with virtual laboratories is particularly salient where processes related to designing and 
carrying out investigations can be simulated. 
 Modal representations. Simulations should be designed to start a learner's experience 
with modal representations that engage senses such as sight, hearing, and movement. Over time, 
the specialized abstract symbols associated with expertise in a domain can be added to help 
students build meaning of the amodal symbols by using modal representations as a resource. 
Nathan (2012) called this process progressive formalization. An example of this would be 
starting with a modal representation such as a thermometer and then later linking it to a more 
abstract representation such as an equation or graph. 
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 Perceptual simulations. Simulations of scientific phenomena can be designed to show 
unseen elements such as molecules with a goal for students to transfer that thinking to explain 
phenomena in the real world. Simulations may do this in different ways such as by overlaying 
representations on the screen, or recent approaches toward mixed reality can overlay digital 
representations with real world objects. An example of this may be a digital overlay of molecules 
over a beaker of water in the real world in which the digital overlay shows molecular movement 
as the water is heated and changes phases from a liquid to a gas. 
 Metaphorical thought. Simulations should be designed to help students think 
metaphorically about the target phenomena. This aspect of design can take place with regards to 
the structure and the content of the simulation. The layout of a simulation could be designed so 
that the structure takes advantage of conceptual metaphors such as the container metaphor to 
represent relationships between differing scales of a phenomenon. The content of a simulation 
could be designed to engage students in metaphors they have likely experienced in real life in 
order to identify similarities and differences with the target phenomenon. For example, a 
simulation may represent molecular motion as bouncing balls to give students a way in to 
conceptualizing unseen molecules. 
 Action-environment coupling. Although the previous examples show that conventional 
simulations often reflect some aspects of embodied cognition, there has been relatively little 
work that has explored how to intentionally engage the body in the use of simulations. One 
reason is that until recently, that has been low availability of hardware that is scalable in 
classroom settings to enable such possibilities. However, technologies such as the Microsoft 
Kinect and Leap Motion are relatively inexpensive and commercially available, which create 
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new possibilities for simulations that promote coupling between body movements and the digital 
environment. 
What Does the Literature Say About the Design of Simulations? 
 Design considerations for simulations have been put forth by various authors in the 
literature. Scalise et al. articulated a "design principles framework for simulations and virtual 
laboratories" based on their literature review (2011, p. 1066). Their framework is made up of 
three areas: (a) effective interfaces, (b) powerful visualizations, and (c) illuminating inquiry (pp. 
1067-1069). Each of these three areas was further divided into five categories for a total of 15 
categories that comprise their framework. An in-depth review of each of these categories is 
outside the scope of this paper, but I will include a few highlights from each category. 
 Within the effective interfaces category, the authors discussed the importance of 
managing cognitive load and including scaffolds for students. They also used the term 
hybridization to suggest that "developers may wish to provide well-hybridized materials, 
including lesson plans and teacher guides to integrate simulations and hands-on" activities such 
as laboratory investigations (2011, p. 1067). 
 Within the powerful visualizations category, the authors suggested that simulations are 
effective when they "unbind physical constraints (size, time, toxicity, waste, cost, etc.)" (2011, p. 
1068). They also suggested that simulations should help students coherently link multiple 
representations and that students should be explicitly asked to "interpret, compare and contrast" 
the various representations (2011, p. 1068). 
 The illuminating inquiry category was more applicable to virtual laboratories and focused 
on designing for inquiry experiences. The design advice in this category seems applicable to 
inquiry experiences in a broad sense and thus is not unique to computer simulations. For 
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example, the authors suggested to support students with "hypothesis development, design, and 
predictions," and they suggested that collaborative learning can be helpful (2011, p. 1069). 
 In a relatively more concise list of design advice, Smetana and Bell (2012) argued based 
on their review of the literature that simulations have the best impacts on learning when: 
• Used to supplement, not replace other instructional modes. 
• Students are provided with high-quality support structures. 
• Used to promote cognitive dissonance. (p. 1357) 
 Specifically with regards to designing simulations based on implications from embodied 
cognition, Abrahamson and Lindgren (2014) put forth a number of principles that can also apply 
to the design of simulations. They grouped principles in broad categories related to the activities, 
materials, and facilitation. With an eye toward designing gesture-augmented simulations in 
particular, Wallon and Lindgren (2017) have suggested considerations for the design of this type 
of learning environment, and these considerations are further described in Chapter 3. 
Discussion 
 This part of the literature review suggests that the design of simulations needs to be 
considered in tandem with the design of learning experiences in which the simulations are used. 
This means that simulations need to be designed for flexible and adaptable use so that they can 
fit coherently within a curriculum unit. It also means that materials such as teacher guides and 
lesson plans can help improve the learning experience. One area related to design of the learning 
experience that has recently gained attention is the format of group composition for using 
simulations. I discuss this research in the next section. 
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Use of Simulations 
 In the section where I discussed constructivism, I mentioned that a key idea was that the 
learner is viewed as active in the learning process. This is often interpreted as meaning that the 
learner needs to be physically active and thus leads to oversimplified support for "hands-on" 
formats in lieu of more traditional lecture formats. Yet this oversimplification overlooks how 
constructivist perspectives can be used to explain instances when learning indeed occurs during 
lecture formats. To complicate things further, not all large group settings are structured as 
lectures. 
 In the context of using simulations, common learning arrangements are: 
(a) an individual learner uses the simulation 
(b) students use the simulation in pairs 
(c) students use the simulation in small groups, typically three or four students 
(d) the teacher uses the simulation while students watch 
These different arrangements have different affordances with regard to possible participant 
structures. For example, it would make sense to assume that a teacher using the simulation as in 
scenario d may result in less student participation than pairs of students using the simulation as in 
scenario b. However, several recent empirical studies have investigated assumptions related to 
outcomes based on variations in learning arrangements. 
 Wu and Huang (2007) framed their investigation in terms of a comparison of learning 
outcomes in classes that were teacher-centered versus student-centered. Despite observing 
perceived differences in student engagement in the two conditions, their measures of learning 
showed no differences between conditions. 
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 Smetana and Bell (2014) framed their investigation in terms of learning outcomes from 
whole class versus small group use of simulations. Like Wu and Huang, they also found no 
differences in achievement measures from pre to post-tests between groups. Their study included 
additional qualitative data sources to investigate this surprising result. They concluded that 
higher quality discourse between students and the teacher occurred in the whole class setting, 
and they speculated that was the reason why students in the whole class condition also had 
improved learning outcomes similar to students who worked in small groups. 
 Stephens and Clement (2015) also investigated cases of whole class and small group use 
of simulations. The motivation for their study was that they were surprised by the results of pre 
and post-tests, which showed similar outcomes for both groups. Through case study analysis, 
they showed that each approach had unique advantages and disadvantages and that both 
approaches should be used to maximize learning. 
Summary 
 Research on the use of computer simulations in science has been abundant, and all 
reviews of this literature are in accordance with the conclusion that it is helpful to use 
simulations to achieve conceptual learning goals. Next steps to advance the field include 
specifying design features of simulations that are intended to improve learning based on theory 
and testing those designs. Research into designs needs to be conceptualized more broadly to 
include the design of learning experiences in which simulations are used in order to learn more 
about contextual factors that may help learning. Research into these aspects of design is timely 
given the role and potential role of simulations in the enactment of the NGSS. 
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Research on Gesture in Science Education 
 Research on gesture in science education has gained momentum relatively recently, and 
this research has been preceded by research on gesture in the domain of mathematics (e.g., Perry, 
Church, & Goldin-Meadow, 1988). While gesture in mathematics continues to be an area of 
active research (e.g., Goldin-Meadow, Cook, & Mitchell, 2009; Alibali & Nathan, 2012), the 
unique contribution of this paper is to review the literature on gesture specifically in science 
education. Although mathematics and science are often grouped together in discussions of U.S. 
educational policy under the acronym STEM, previous work has highlighted some of the distinct 
characteristics of science (Lemke, 1990). The distinct characteristics of science warrant my 
interest in reviewing studies that have focused specifically on gesture and the teaching and 
learning of science. 
Defining Gestures 
 For the purposes of this dissertation, I initially used Roth's (2001) definition of gestures 
as hand movements beginning from a position of rest, moving through a preparation phase, 
reaching a "peak structure, also referred to as the stroke," moving through a recovery phase, and 
ending by returning to a position of rest (p. 369). Additionally, McNeill (1992) distinguished 
four types of gestures as (a) beat gestures, (b) deictic gestures, (c) iconic gestures, and (d) 
metaphoric gestures. Beat gestures emphasize specific parts of speech or help regulate turn 
taking. Deictic gestures usually involve pointing at specific objects and serve to index much like 
using the words "this" or "that." Iconic gestures represent concrete objects or processes. 
Metaphoric gestures represent abstract ideas. These various ways of describing gestures will be 
used when referring to research studies, and any deviations in meaning of terms will be 
specifically noted. 
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Purpose for Review 
 To unpack the research on gesture in science education, the first question this review 
addressed was: Has research on gesture in science education focused more on teacher use of 
gesture or student use of gesture? The intent of this question was to investigate the perspectives 
of learning from versus learning with gesture. The second question addressed in this review was: 
What theoretical perspectives have been used to frame studies on gesture in science education? 
Lastly, this review synthesized findings by addressing: What are common themes in the findings 
of studies of gesture in science education? 
Criteria for Inclusion and Exclusion 
 I searched the ERIC database with the string "gesture AND science", which resulted in 
hits for 149 papers. While searching through the results, I excluded studies that focused on a 
discipline other than science (e.g., studies that focused on mathematics), studies that focused on 
special education, and studies that were not published in peer-reviewed journals. After applying 
the inclusion and exclusion criteria, I had nineteen articles. I excluded two because they were a 
literature review and a position paper rather than empirical studies. I also reviewed the references 
of each of the papers and have included other relevant articles that were not listed in the ERIC 
database. 
Literature on Teacher Use of Gesture 
 The majority of teacher-focused studies of gesture in science education have 
characterized how teachers have used gestures as a multimodal resource for communicating 
information. Some studies have also explored how teachers have used gesture as a pedagogical 
activity. Although it may not be readily apparent, my purpose for including this section is to 
glean insights about student learning from watching others gesture. This is not because my study 
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design involves teachers gesturing to students as part of the intervention but rather because pairs 
of students will work together, and each student may watch the other gesture. I briefly 
summarize these studies to build on these themes. 
 Starting with an elementary school classroom, Oliveira, Rivera, Glass, Mastroianni, 
Wizner, and Amodeo (2014) investigated how three fourth grade teachers used gesture while 
reading science books aloud to their students. One of the main findings was that all three 
teachers used deictic gestures while describing parts of the books. The researchers viewed 
gesture as a way that teachers communicated to their students in addition to spoken words and 
pictures in the books. Although it was less common, Oliveira et al. also found that one teacher 
used iconic gestures while explaining the process of how the human eye works.  
 By describing different types of gestures, Oliveira et al. alluded to the need to consider 
the role of the type of gestures that teachers use rather than assuming they serve a uniform 
purpose. This study raised the question of how the purpose of deictic gestures differs from the 
purpose of iconic gestures. This study also raised questions about what students learn when 
teachers use gestures. As the authors stated in their limitations section, the study did not include 
student learning outcomes and thus did not explore connections between "particular semiotic 
practices and students' comprehension" (p. 669). This study left questions unanswered about how 
a teacher’s gesture use could relate to student learning. 
 Pozzer-Ardenghi and Roth (2007) provided distinct examples of different types of 
gestures used by a high school biology teacher. Two of the examples involved the use of deictic 
gestures in which the teacher pointed out different parts of the heart and the location of the 
kidneys on three dimensional models. Based on these examples, the authors contended that 
"gestures provide the links between verbal and nonverbal aspects of communication, and 
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material artifacts present in the classroom" (p. 100). This role of gesture seems applicable to 
deictic gestures, which linked the teacher's speech to physical models in this study. This role also 
applies to the deictic gestures described by Oliveira et al. (2014) , which linked the stories 
teachers read to students with pictures and diagrams in the books. However, this role seems too 
broad to apply to all types of gestures, especially with an additional example provided by Pozzer-
Ardenghi and Roth.  
 Pozzer-Ardenghi and Roth also described an example of gesture use when the teacher 
made a circular motion with his arm and hand while simultaneously verbally explaining the 
function of the left ventricle as needing "to send the blood all the way down to the capillaries 
right to the tips of your toes, and with enough pressure to bring it all back to the heart again" (p. 
106). This seemed to be an iconic gesture that represented the system of blood flow. The 
researchers argued that the examples of gestures that they provided added "unique scientific 
information, both related to static phenomena and dynamic processes" (p. 111). This statement 
seems especially applicable to this last example, which, like the example of an iconic gesture 
explaining how an eye works by Oliveira et al. (2014), explained a dynamic process. In 
summary, this study gave another example of a teacher using gestures to communicate ideas to 
students. The focus on this role of gestures was clear when Pozzer-Ardenghi and Roth argued 
that during lectures an instructor uses multiple resources (e.g., speech, images, and gesture) "that 
are different expressions of the same holistic meaning unit" (p. 96). Despite lacking focus on 
student use of gesture, the authors concluded that students should be able to use representations 
of their ideas other than words. 
 The idea that gestures are inseparable components of the meaning conveyed with 
multiple modes of communication is elaborated by Hwang and Roth (2011). These researchers 
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studied a college physics professor during an undergraduate physics lecture, and they 
documented various ways that the professor used gestures as he explained physics concepts. 
Hwang and Roth suggested that the lecturer's body movements conveyed information that could 
not be translated to text in students' notes, and they argued that was a reason why students may 
have difficulty making sense of concepts when they study their notes later. Hwang and Roth 
(2013) continued their work characterizing gestures used by lectures in the context of a high 
school chemistry class. Thus far the research has shown that teachers of students ranging from 
elementary school to college use gesture when communicating information to students. All the 
studies thus far have described situations when teachers used gestures to explain their ideas, but 
some studies have also described situations when teachers used gestures as part of their 
pedagogy. 
 Wilson (2013) observed three middle school earth science teachers over nine months of 
instruction in order to create a typology of actional-operational modes that were used. Actional-
operational modes were defined as modes of communication that used "human motor activity 
other than speech" (p. 525). Wilson's typology included (a) gesture, (b) embodied representation, 
(c) moving objects on flat surfaces, (d) moving objects through three-dimensional space, (e) 
material representations, and (f) observed phenomena (p. 524). The three teachers' lessons were 
subdivided into instructional episodes, and the author's analysis calculated the percentage of the 
episodes in which each of the actional-operational modes was used at least once. Gesture was the 
most used mode, having occurred in more than 70% of instructional episodes for all three 
teachers, while the next highest category was observed phenomena, which occurred in 34.5% of 
instructional episodes for only one teacher. Wilson distinguished between gestures and embodied 
representations by describing gestures as instances when "only one part of the body (usually the 
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arms or hands) represented some aspect of a referent or pointed toward another mode" and by 
describing embodied representations as instances when "whole bodies represented an object or 
phenomena" (p. 537). This distinction seemed problematic because it was difficult to apply to an 
example that was provided in which one teacher requested that students show her a tectonic plate 
boundary, and "students responded by rubbing the inner edges of both hands past each other with 
palms facing downward" (p. 537). This example was provided but not classified by the author, 
and therefore it was difficult to discern whether this example was considered to be a gesture or 
embodied representation. For some of the later discussion both categories of gesture and 
embodied representation were collapsed into a larger category called "body as text" so perhaps 
the distinction between modes was not an important emphasis of this study. 
 Wilson provided another example that was explicitly classified as a gesture, in which a 
teacher explained eclipses by instructing students to follow her lead in using one fist to represent 
the sun, using another fist to represent the moon, and using her head to represent the earth. In this 
example, multiple parts of the body were used, which should have disqualified the author from 
classifying it as a gesture based on her own stated criteria. Rather than belabor the point about 
the lack of clear distinction between gesture and embodied representation in this study, instead I 
will note that it was interesting to see the learning arrangement in the last example in which the 
teacher explicitly asked students to make a gesture during instruction. The author concluded that 
actional-operational modes should be viewed as "legitimate texts from which students construct 
interpretations about earth and its systems" as well as ways "through which students can express 
their understandings" (p. 547). Despite a focus on teacher use of actional-operational modes 
within the study, the author suggested increased use of these modes by teachers and students to 
promote student learning and to provide additional avenues for assessment. 
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 A common limitation of these studies about teacher use of gesture is that connections are 
not made to student learning. Kang, Hallman, Son, and Black (2013) addressed this concern by 
conducting a laboratory study with three conditions. They looked closely at student learning after 
watching video-based explanations of mitosis in one of three conditions, two of which contained 
different types of gestures and one of which contained no gestures. The researchers found that 
there were differences in learning outcomes between groups. Participants who viewed videos of 
a teacher using representational gestures (i.e., iconic and metaphoric gestures) had higher 
learning outcomes than participants who viewed videos of the teacher using beat gestures or no 
gestures. While a limitation of this study was a somewhat artificial context, this tradeoff afforded 
the opportunity to focus on student learning outcomes, which was neglected in previous studies 
of gesture use in authentic classrooms. This study helps to highlight the distinction between 
learning from gestures and learning with gestures. Most of the studies of teacher use of gesture 
can be categorized as examples of instances in which students were expected to learn from 
gestures that the teacher produced. In the next section of the literature review, I highlight studies 
in which students are the agents using gestures, and I draw particular attention to the literature 
that discusses ways in which students learn with gestures. 
Literature on Student Use of Gesture 
 The second main branch of gesture studies in science education consists of those that 
focus on student use of gesture. Some of these studies emphasized the role of student-as-
communicator much like the studies in the previous section emphasized the role of teacher-as-
communicator. While I mention aspects of these studies, my main purpose is to discuss other 
studies in this branch that positioned students-as-meaning-makers. Below I briefly summarize 
these studies to build on these themes. 
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 Carter, Wiebe, Reid-Griffin, and Butler (2006) studied how middle school students used 
gestures in the context of group work. Their study involved one of the researchers teaching a six-
week elective earth science course that emphasized mapping concepts to a sixth grade class of 
seventeen students and to an eighth grade class of eighteen students. The researchers analyzed 
instances of group work over the six weeks in order to characterize how students used gestures. 
The research team found that students used gestures to scaffold their work in groups in four main 
ways. In the first two ways students were positioned similarly to teachers in the previous section 
as communicators of information. In the second two ways, students were positioned in novel 
ways. 
 Carter et al. found that in some ways students acted as teachers to one another during 
group work. Accordingly, their gesture use during these instances seemed similar to teachers' 
gesture use. For example, students used gestures to emphasize specific parts of their speech. 
These examples resembled those given by Hwang and Roth (2011) in which a college lecturer 
used gestures to emphasize speech. As a second example, students used gestures to give 
information that they did not provide in speech. During these times students used gesture as a 
semiotic resource for multimodal communication. This was much like how a teacher conveyed 
meaning with gestures during lectures that could not be easily separated from speech (Pozzer-
Ardenghi & Roth, 2007). 
 Carter et al. found that students used gestures in some ways that teachers did not use 
them.  For example, students used gestures to develop shared meanings by utilizing one another's 
gestures. This is interesting because developing shared meanings is a component of effective 
collaborative group work. The idea of students using gestures to establish shared understandings 
was also exemplified in the context of college chemistry (Flood, Amar, Nemirovsky, Harrer, 
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Bruch, & Wittmann, 2015). Singer, Radinsky, and Goldman (2008) elaborated on this idea by 
describing how "gestures were found to afford joint attention to concepts and negotiation of 
meaning" in student groups that established a shared understanding of the concept of plate 
tectonics. To shift our focus from a brief exploration of the role of gesture in collaborative 
learning, I will return back to findings from Carter et al.'s study. 
 The last way in which students used gestures in Carter et al.'s study was in lieu of 
language when they could not think of a particular word to represent their idea. This use of 
gesture relates to development studies in which children expressed ideas in gesture before 
expressing them in speech (Iverson & Goldin-Meadow, 2005), and it relates to mathematics 
studies in which children replied to questions first with gestures and later with speech (Goldin-
Meadow, 1998).  The main purpose of this study was to characterize how students working in 
groups used gestures, and consequently it did not focus on student learning outcomes. The 
authors suggested that future research should analyze learning outcomes when students use 
gestures and when students mimic gestures of other students. 
 Other researchers explicitly stated that they were not interested in seeking to understand 
the role of gesture in student learning (Stephens & Clement, 2010).  Rather, they contended that 
students' gesture use could be very helpful for researchers to make inferences about students' 
mental processes. Stephens and Clement conducted a case study of a high school physics 
classroom to document students' reasoning about physics problems. They were interested in 
evidence of an association between scientific reasoning and animated mental imagery, and they 
noted that observing students’ use of gesture could provide the evidence they were looking for. 
Stephens and Clement provided examples of student gesture use in three categories, and they 
suggested connections to three types of mental imagery. First, they observed students using 
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gesture to indicate shape, and they connected those gestures to indicating that students were 
working with mental imagery. Second, they observed students using gesture to show motion, and 
they connected those gestures to indicating that students were working with animated mental 
imagery. Third, they observed students using gesture to indicate forces, and they connected those 
gestures to indicating that students were working with animated mental imagery with kinesthetic 
components. Rather than pushing for future studies to examine learning outcomes from student 
gesture use, Stephens and Clement were satisfied with using gesture as a proxy for other mental 
processes. 
 There are other studies, however, that were interested in connecting gesture use and 
students' though processes. Scherr (2008) studied cases of two small groups of three students 
using gestures in an undergraduate physics class. One example described in this study that was 
particularly interesting showed that a student's gesture was "the source of her idea" rather than 
simply a way to communicate (p. 2). In this example, students were discussing the trajectory of 
an object in projectile motion. Scherr described how one student's gesture revealed how she was 
thinking about the motion of the object. The student was making a "half parabola" gesture to 
herself while saying, "If it stopped... so if it stopped..." (p. 3). During this part of the example, 
the student was not communicating with the other students in the group, but rather she was using 
the gesture to try to make sense of her own thinking. Later she shared the gesture with the group, 
and they reached the correct conclusion that at the top of the motion path the object had a vertical 
velocity of zero. This example led the author to conclude that "gestures offer one source of 
evidence of students' engagement in constructive thinking" (p. 4). The author suggested that 
future research should examine mechanisms by which gesture aids students in generating ideas.  
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 Crowder (1996) proposed one such mechanism after studying sixth-grade students 
reasoning about astronomy concepts. Crowder suggested that gesture helps students "predict, 
revise, and coordinate elements in a model" (p. 173). This idea extends the idea from Stephens 
and Clement (2010) that gesture merely indicates the presence of a mental model. Crowder 
distinguished between gestures that were used to explain with gestures that were used to 
describe, and she related these to the functions of sense-making and transmitting knowledge, 
respectively.  
 The purposes of transmitting knowledge and sense making connect to some of the 
examples of gesture use that have been previously mentioned. Examples such as Pozzer-
Ardenghi and Roth's (2007) description of a teacher using gestures while lecturing align with the 
function of transmitting knowledge. Examples such as Scherr's (2008) description of a student 
using gesture to make sense of velocity of a projectile align with the function of sense making. 
The student in Scherr's example also depicted the overlap of transmitting knowledge and sense 
making when she explained her ideas to the other students in her group. 
 Crowder found differences in student gesture use while describing and explaining, but the 
difference was not related to different types of gestures, as was the concern in other studies 
(Kang, Hallman, Son, & Black, 2013). Rather, one of the main differences related to perspective. 
Crowder found that students explaining to themselves placed themselves into a model and used 
gestures to "fix two parts of the model in space,...interrelate components and mechanisms, and to 
internalize mental imagery" (p. 203). To contrast, students engaged in describing used gestures 
from an external perspective. She also found that the gestures used in description seemed to 
redundantly accompany speech. This was in contrast to situations when students used gestures to 
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explain to themselves, in which case the gestures did not always accompany speech, and they 
conveyed information not yet present in speech.  
 Previously I have discussed the idea of gestures preceding speech, and this idea aligns 
with major findings from Roth and Welzel (2001). In their study of tenth grade physics students 
learning about electricity, they found that students were able to construct explanations even 
though they did not yet have the appropriate scientific language to do so because they used 
gestures to represent their ideas. Roth and Welzel also found that students' use of gesture 
decreased as they learned appropriate vocabulary to represent the ideas that they had previously 
gestured about. This point was similarly exemplified in a study of high school physics students 
using computer software to learn about forces (Roth & Lawless, 2002).  
 The notion that gesture use decreases with increased expertise is challenged by 
Subramaniam and Padalkar's (2009) study that involved interviewing students about phases of 
the moon. Interviewees included relative novices and experts. The novices were masters level 
architecture students, and they did not use gesture while reasoning about phases of the moon. 
The experts were post-masters level physics students, and they used gestures in their reasoning 
processes. This study suggests that there is not a simple relationship between expertise and 
gesture use. 
 Another study was concerned not with quantitative differences in gesture use but rather 
with qualitative differences in gesture use. Givry and Roth (2006) suggested that changes in 
gesture use over time might be indicative of conceptual change. However, they cautioned that 
gesture use could only be interpreted in conjunction with speech and the surrounding context, 
including physical artifacts. 
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Discussion 
 In this section I will return to my questions about the relative focus of research on teacher 
use of gesture or student use of gesture, the theoretical perspectives used to frame these studies, 
and common themes in the findings. 
 First, this review makes apparent that research on gesture in science education has 
focused both on teacher use of gesture and on student use of gesture. The studies focused on 
teacher use of gesture showed that gesture use was prevalent in the spectrum of grade levels from 
elementary school (Oliveira et al., 2014) to middle school (Wilson, 2013) and high school (e.g., 
Pozzer-Ardenghi & Roth, 2007) and even in college (e.g., Hwang & Roth, 2011).  The relatively 
even split between gesture research focused on teachers and research focused on students along 
with deeper reflection helped indicate that this was not the most relevant question. Instead, the 
distinct, although intertwined, question of whether gesture was researched as a means to transmit 
information or as a means to make sense of ideas was more important (Crowder, 1996). All of 
the studies of teacher use of gesture approached gesture from the functional perspective of 
transmitting information. A subset of studies of student use of gesture shared this perspective, 
but a larger proportion of studies focused on students explored how they used gesture to make 
sense of their ideas. 
 It was rare for studies to explicitly articulate the theoretical perspectives with which they 
approached their studies and to connect stated theories to the specifics of their studies. It was 
especially surprising to rarely find mention of embodied cognition because of its prevalence in 
the mathematics gesture literature (e.g., Alibali & Nathan, 2012). More often, studies implicitly 
aligned themselves with theoretical perspectives. Although it would be unfair to say that the 
studies focused on teachers' gesture use showed a transmittal view of learning, many of them did 
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not venture toward addressing student learning outcomes. Therefore those studies sufficed with 
framing their studies of gesture as an aspect of multimodal communication and social semiotics. 
Many of the studies focused on student use of gesture were implicitly aligned with constructivist 
views of learning. For example, Scherr (2008) exemplified a student's conceptual change as she 
revised her ideas about projectile motion.   
 Lastly, there are several themes that emerge from the findings of studies of gesture in 
science education. The first theme is that most studies focus on a fragmented view of gesture use 
either for transmitting knowledge or sense making, but rarely do studies connect the two into an 
integrated view as Crowder (1996) did. The fragmented view is somewhat surprising given that 
Crowder's study was relatively early in the studies of gesture in science education. 
 Another theme is that more attention should be paid to gestures in research and in 
teaching. If studies continue to focus on teacher use of gesture, it may be helpful to go beyond 
documenting their use of gesture. It seems that the bulk of the studies have served to describe 
gesture use rather than explain gesture use. The existing literature has shown the relative 
ubiquity of gesture use by teachers in different grades and across different science subjects. 
Conducting studies of how teachers develop pedagogic uses for gesture may make more 
meaningful contributions to the literature. Also, as Stephens and Clement (2010) pointed out that 
student gesture use might reveal insights about their thinking to researchers, teachers could also 
learn to focus on students' use of gesture to assess how they are thinking about scientific 
concepts. Research and development of professional development intended to accomplish this 
task would also be a meaningful contribution to the literature. 
 An additional theme that came from the findings of student use of gesture was the 
affordance of group learning contexts to promote gesture. This makes sense because traditional, 
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lecture-based teaching arrangements seldom grant students opportunities for sense making 
because the teacher controls discourse (Lemke, 1990). The expectation in a lecture setting is for 
students to sit relatively still and listen to the teacher. It would be a violation of norms if a 
student started gesturing during a lecture. However, in group contexts where students need to 
reach a shared understanding, students are positioned to make sense of their ideas as they 
articulate them to one another. Additional research on student use of gesture in group contexts 
and how gestures mediate individual learning would also be a valuable contribution to the field 
of gesture research in science education. 
 This literature review has shown that gesture research has been an active area in science 
education. While early studies have focused on describing gesture use, more studies are shifting 
toward exploring connections between gesture and student learning. There are many 
opportunities to connect research on gesture to other areas of science education research 
including conceptual change and educational technologies. 
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CHAPTER III: 
METHOD 
 The purpose of this study is to better understand how middle school students learn causes 
of the seasons with gesture-augmented simulations. This study investigated both processes and 
outcomes of learning in classroom environments. With these purposes in mind, the following 
two main research questions were pursued, with the first question focused on outcomes, and the 
second question focused on processes: 
1. In what ways and to what extent do students' conceptions of the causes of the seasons 
change after using a gesture-augmented simulation? 
2. What patterns of action while using the simulation are associated with improved 
conceptions of the causes of the seasons? 
Study Design 
 This dissertation was conducted in the context of a broader Design Based Research 
(DBR) study (Kelly, 2004). Therefore I dedicate space in this chapter to sharing the rationale for 
the design decisions made related to the learning environment used in this study. Within this 
context of a design cycle aimed at supporting learning in naturalistic classroom settings, I studied 
learning processes and outcomes using a mixed methods approach. I first elaborate on the mixed 
methods study design that I employed, and then I return to discussing the theory-based design 
hypotheses of this study. 
Mixed methods is a term that is often used to refer to studies that use methods from 
qualitative and quantitative traditions, but mixed methods theorists argue that mixing can occur 
at different levels of a study, ranging from overall paradigm to methodology and methods 
(Greene, 2007). As a consequence of different meanings attached to the term mixed methods, I 
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share my rationale in the next several paragraphs for how mixed methods was used in my 
dissertation. 
This dissertation is a mixed methods study that includes approaches from a post-positivist 
paradigm and from an interpretivist paradigm. I took a dialectic stance in which both paradigms 
are in conversation with one another (Greene, 2007, p. 79). This is important to differentiate 
from other stances, such as a purist stance that views these paradigms as incommensurable 
(Greene, 2007, p. 70). Mixing takes place at the levels of paradigm and methods. 
 Both research questions were addressed with integrated mixed methods designs (Greene, 
2007, p. 125). The portion of the study focusing on learning outcomes (RQ1) used a blending 
design (Greene, 2007, p. 126) and was addressed with data from a pre and post-test of all 
students and pre and post-interviews with focal students. The portion of the study focusing on 
learning processes (RQ2) used an iteration design and was addressed with case studies of focal 
groups that were based on data from video observations of focal groups, which were connected 
with interviews and test results of focal students. Table 2 shows a summary of the data sources 
used to address each research question. 
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Table 2 
Data sources used to answer each research question 
 Data Source 
Research Question 
Pre and 
Post 
Tests 
Pre and 
Post 
Interviews 
of Focal 
Students 
Video of 
Focal 
Pairs 
Using 
Sim 
1. In what ways and to what extent do students' 
conceptions of the causes of the seasons change after 
using a gesture-augmented simulation? 
X X  
2. What patterns of action while using the simulation are 
associated with improved conceptions of the causes of 
the seasons? 
x x X 
Notes. X = main source of data, x = supplemental source of data. 
 
Rationale for the Study Design 
 A mixed methods approach was used to gain a better understanding of student learning 
with and from a gesture-augmented simulation. As Table 2 indicates, research question 1 is 
addressed with data from written pre and post-tests as well as data from pre and post-interviews 
of focal students. I have decided to mix the methods of written tests and interviews to answer this 
question for the purposes of complementarity and initiation. Researchers mixing for the purpose 
of complementarity do so in order to "elaborate, enhance, deepen, and broaden the overall 
interpretations from the study” (Greene, 2007, p. 101). Mixing methods for the purpose of 
complementarity involves measuring different aspects of the same construct to make the results 
and interpretations more meaningful. I measured the construct of learning outcomes using pre 
and post-tests and pre and post-interviews because these methods aim at students’ written 
explanations and oral explanations, respectively. The interviews provided verbal explanations of 
the seasons that elaborated and clarified the explanations provided on the written tests. Not only 
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did this provide an opportunity to increase the meaningfulness of the written tests, but it also 
provided an opportunity to purposefully seek out contradictions between students' written 
explanations and their verbal explanations. Integrating analyses of written and verbal 
explanations provided the opportunity to identify possible differences between ideas that 
students expressed in these different formats. Seeking out these types of contradictions is a 
characteristic of mixing methods for the purpose of initiation (Greene, 2007, pp. 102-103). 
 Research question 2 involved mixing methods for the purposes of development and 
expansion. Mixing methods for the purpose of development uses “the results of one method to 
inform the development of the other method” (Greene, 2007, p. 102). Mixing for purposes of 
development includes using one method to inform sampling for another method. Specifically, I 
used the results of the pre-tests to provide to teachers to help select focal students to be 
interviewed and video recorded. Mixing methods for the purpose of expansion involves using 
different methods to better understand different constructs (Greene, 2007, p. 103). While I am 
broadly interested in student learning of causes of the seasons, I view this learning as including 
the constructs of learning outcomes and learning processes. By including learning processes as a 
focus of this study, I expand the scope of the study and the potential usefulness for practitioners. 
Specifically, I used video observations of focal groups comprised of two focal students to afford 
the analysis of their learning processes. Video observations of pairs of students rather than 
individual students was done in order to capture how students articulated their thought processes 
as they communicated with one another. This was done to provide richer insights to student 
thinking as they developed their explanatory models of the seasons. 
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Rationale for the Learning Environment Design 
 This dissertation study involved the design of a learning environment intended to bring 
about improved conceptions of the causes of the seasons, and therefore it is useful to consider the 
design of the learning environment from a DBR perspective. Specifically I share how elements 
of the designed learning environment are intended to result in processes that support learning and 
outcomes that reflect improved conceptions of the causes of the seasons. The overarching design 
hypothesis for this study was that using a gesture-augmented simulation would help students 
improve their explanatory models of causes of the seasons. 
 In my previous work, I have argued that there are three foci for design considerations 
related to gesture-augmented learning environments: gesture, learning environment, and support 
for learning environment (Wallon & Lindgren, 2017). I have represented the relationship among 
these foci as three concentric circles (Figure 3), with gesture at the center, learning environment 
at the next level, and support for the learning environment at the broadest level. I conceptualized 
my dissertation study as mainly focusing on the broadest level of support for the learning 
environment, with specific attention to designing supports that would enable the gesture-
augmented simulation to be used in the natural setting of middle school science classrooms. 
 68 
 
Figure 3. Foci for design considerations related to gesture-augmented learning environments. 
Reprinted from “Considerations for the design of gesture-augmented learning environments,” by 
R. C. Wallon and R. Lindgren, 2017, Learning, Design, and Technology: An International 
Compendium of Theory, Research, Practice and Policy, pp. 1–21. Copyright 2017 Springer 
International Publishing. 
 
 My process hypotheses related to the design of support for the learning environment were 
informed by embodied cognition because they were predicated on students using gestural 
controls to interact with the simulation. The hypotheses about the intended learning processes 
are:  
• Hypothesis 1: Using the gesture-augmented seasons simulation in pairs along with digital 
tabs that scaffolded students’ use of the simulation would result in explicit discussions 
about their explanatory models. 
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• Hypothesis 2: Comparing and contrasting the sun-earth system at time points of June and 
December and linking representations from an earth-based and space-based view would 
support students in reflecting on changes to their thinking about the system. 
The explicit discussions and reflection mentioned in the previous hypotheses are processes that 
were intended to lead to the overall learning outcomes. The relation between these processes and 
building knowledge was informed by constructivism. The outcome hypotheses are: 
• Hypothesis 3: Explicit discussions about explanatory models of the seasons would make 
students’ models more similar to one another and improve their models and thus their 
ability to individually apply their models accurately to test questions. 
• Hypothesis 4: Reflecting on changes to students’ thinking about the sun-earth system 
would result in improved verbal and written explanations for causes of the seasons. 
Participants 
 A summary of teacher and student participants in the study is provided in Table 3. A total 
of 285 middle school students participated in this study (this was the number of students who had 
parental consent, assented to participate, and had a complete data set). This total number of 
students came from two middle schools in two different school districts.  
In both schools teachers were recruited to participate based on where the school district 
curriculum placed teaching the causes of the seasons. In School A this was in 7th grade. There 
were 3 different 7th grade teachers with a total of 10 class periods (the entire grade level 
participated). In School B, this was in 6th grade. There were 4 different 6th grade teachers with a 
total of 14 class periods (again, the entire grade level participated).  
One teacher at each of the schools had also participated in the pilot studies the previous 
year, and those teachers’ class periods included additional data collection of students engaged in 
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the learning process, hereafter referred to as focal students and focal pairs. Teachers were given 
access to pre-test data and were asked to identify a focal pair of students for each of their classes. 
Teachers were asked to select students who were near the middle of the grade distribution in 
their classes. This criterion was based on the assumption that students from the middle of the 
distribution would provide the richest data when they participated in interviews and video 
observations (i.e., this would reduce the likelihood of selecting students who would find the 
material exceedingly difficult as well as those who may already deeply understand the target 
concepts). Teachers were asked to consider diversity of focal students across their class periods 
with regard to gender and race and ethnicity. The last criterion for the selection of focal students 
was that they should have provided assent and should have received parental consent to be video 
recorded, which was specifically asked on participation forms. 
There was one pair of focal students in each of the classes for teachers who participated 
in the pilot study (three pairs from three classes at School A and four pairs from four classes at 
School B). Data from one focal pair was omitted due to an incomplete data set for one of the 
focal pairs at School B, and there ended up being a total of 6 focal pairs of students included in 
the data set. Focal students for video observations and interviews were selected for only one 
teacher at each school for multiple reasons. First, the planned collection of video data was 
expected to provide rich data that could be used to sufficiently answer Research Question 2. This 
question would be best answered with data that are rich, and larger quantities of data do not 
necessarily support a better ability to answer the question. Second, recording in multiple 
teachers’ classrooms at one school would have been logistically challenging. Limitations on the 
resources of equipment and time, along with the need for rich, high-quality data, supported the 
rationale for collection of data from focal students in one teacher’s classes at each site.  
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Table 3 
Participants in Dissertation Study 
Teacher Grade School 
Class 
Periods Students* 
Focal 
Groups 
Focal 
Students 
Mrs. Lowell 7 A 3 44 3 6 
Mr. Abbott 7 A 2 14 N/A N/A 
Ms. Hare 7 A 5 42 N/A N/A 
Ms. Reynolds 6 B 4 70 3 6 
Mrs. Barwick 6 B 4 35 N/A N/A 
Mr. Herman 6 B 4 52 N/A N/A 
Mrs. Gonzalez 6 B 2 28 N/A N/A 
Total   24 285 6 12 
Notes. Teacher names are pseudonyms. *This is the total number of students across all the 
teacher’s class periods who consented to the study, had returned a form indicating parental 
consent to participate in the study, and who had a complete data set. 
 
 Additional demographic data were collected at the end of the study (see Appendix D for a 
copy of the demographics form). Self-reported gender is listed in Table 4, and self-reported race 
and ethnicity are listed in Table 5. 
 
Table 4 
Self-Reported Gender of Student Participants 
Gender n 
Female 123 
Male 140 
Not Reported 14 
Prefer Not to Respond 8 
Total 285 
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Table 5 
Self-Reported Race/Ethnicity of Student Participants 
Race/Ethnicity n 
American Indian or Alaskan Native 0 
Asian 24 
Black or African American 60 
Hispanic/Latino 13 
Native Hawaiian or Other Pacific Islander 0 
Not Reported 14 
Prefer Not to Respond 20 
White 101 
Two or More Races 53 
Total 285 
 
Notes. Race/Ethnicity labels were based on guidelines published by the U. S. Department of 
Education (https://nces.ed.gov/pubs2017/NFES2017017.pdf) 
 
Simulation Used in Study 
 The simulation used in this study was developed as part of the GRASP (GestuRe 
Augmented Simulations for supporting exPlanations) Project 
(http://grasp.education.illinois.edu/), an NSF-funded collaboration between the University of 
Illinois at Urbana-Champaign and the Concord Consortium. The project involved the 
development of simulations through iterative cycles of design and testing mainly with individual 
middle school students. Simulations were designed to focus on three topics: seasons, gas 
pressure, and heat transfer. This study used the seasons simulation because pilot testing during 
the previous year showed this topic would be the most feasible to widely integrate into multiple 
middle school curricula. 
 All GRASP Project simulations included the design feature of gesture-augmentation, a 
mechanism that enabled users to interact with the systems displayed on screen by using gestures. 
 73 
The simulation used Leap motion hardware, which is a small infrared camera that plugs into a 
computer via USB, in order to detect students’ hands. All simulations provided scaffolds that 
cued specific gestures that embodied aspects of the system such as light rays. 
The seasons simulation (Figure 4a) shows multiple views of the sun and earth, including 
a view of the earth in orbit around the sun, a view of light rays striking the ground, a view of 
light rays striking earth from space, and a view of the earth with the location of the most direct 
light rays highlighted as a spot. Up to three of these views can be displayed simultaneously, and 
they can also be turned off to display only one or two views at a time. Users interact with the 
simulation with three gestures: (1) students use a hand to embody the angle of the light rays 
striking the ground (Figure 4b), (2) students use two hands to embody the concentration of light 
rays striking the ground (Figure 4c), and (3) students use a hand to embody the angle of the earth 
relative to the sun from the space view (Figure 4d). 
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Figure 4. Screenshot of the seasons simulation (a), along with photos of the gestures used to 
interact with the simulation (b, c, and d). 
 
 Students’ use of the simulation was scaffolded via the use of on-screen prompts that were 
included in tabs that could be clicked open to overlay information on top of the simulation or that 
could be clicked closed (see Figure 5). I made the decision to include on-screen guidance after 
observing during pilot testing that paper-based guidance inhibited student discussion. 
  
 
(a) 
 
(b) 
 
(c) 
 
(d) 
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(a) 
 
(b) 
Figure 5. Screenshot of the tabs that provided scaffolds to students using the simulation with (a) 
the tabs collapsed and (b) one tab expanded. 
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The tabs were structured to ask students to do something in the simulation using the 
gesture control, and then the tabs prompted students to discuss their ideas related to their 
explanations and how their ideas compared based on the task they completed. The full text of the 
tabs is provided in Appendix F. Note that consistent with the broader DBR context, changes were 
made to the tabs between enactments at the two schools. To summarize the differences, there 
were four tabs in the design at School B, and there were five tabs in the design at School A. 
Some of the changes were intended to support joint attention to the visuals, such as the addition 
of instructions for students to use the larger, main display when possible. Some of the changes 
were intended to improve learning outcomes, such as the removal of the space view and the 
addition of the earth view. 
Learning Activities 
 The simulation was used in the context of the teacher's planned unit of instruction to 
teach about the seasons. Prior to the research I provided teachers with a copy of activity plans for 
using the simulation in class (see Appendix C). I met with teachers ahead of time to share 
information from the pilot studies about characteristics of instruction that seemed to support 
student use of the simulation. I conveyed that I wanted the teachers to take the lead on the 
lessons so that the naturalistic setting of the classroom can be maintained as much as possible 
(i.e., even though I was present in the classroom during enactment, I purposefully did not want to 
take the role of lead instructor). The teachers were advised to engage students in articulating their 
explanatory models of the seasons and to plan time for students to revise and discuss their 
models in small groups and as a whole class. A list of potential explanatory challenges was 
provided to teachers as examples of how to engage the whole class of students in using the 
simulation. These challenges emphasized exploring ideas rather than quickly obtaining "a right 
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answer." In general the teachers who had more experience from participating in the pilot studies 
engaged in more of this whole class discussion than teachers who were using the simulation for 
the first time. This motivated the rationale for comparing student learning outcomes between 
students with teachers who participated in the pilot studies versus students with teachers who did 
not participate in the pilot studies. Teachers were advised that groups of two students seemed to 
be an ideal arrangement for using the simulations based on the pilot studies. Teachers generally 
followed this advice, with occasional exceptions when there was an odd number of students and 
there was a group of three or when a student was called to the office and there was a single 
student user for a length of time. These occurrences are common within classroom settings and 
are expected as part of the complexity of classroom research. 
Role of the Researcher 
I was involved in the classrooms as a participant observer and interacted with the teachers 
and students throughout the study. I met with teachers prior to the start of the research to discuss 
effective contexts for using the simulation based on pilot studies. My perspectives at the time 
were shaped by my past professional experiences, which included three years teaching high 
school science and over three years on the GRASP team that developed the simulation featured 
in the study. Given these experiences, I recognized some of my values and preferences that 
guided decisions during the study. One of my values was that the research project should align 
with other efforts of the teachers. Another value I had is that participation in the research should 
be made available to all students in a class, and access to participation should be equitable. 
Lastly, I believed that the research should minimize extra burdens on participating teachers. 
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Data Collection 
 The research questions were investigated with the data sources indicated in Table 2. In 
this section I describe the protocols and instruments that were used to collect each data source. 
An overview of the order of data collection is provided in Figure 6, and each data source is 
elaborated upon in subsequent subsections. 
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Figure 6. Summary of the order of data collection for students. Thick borders indicate the steps that were conducted for all students, 
while thin borders indicate the additional steps that were conducted for focal students. 
Pre-tests Pre-interviews Video using simulation Post-tests Post-interviews Demographics
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Pre and Post-Tests 
A test was administered to all students before and after use of the simulation. When 
possible, students used a digital version of the test collected via Google Forms. In instances 
when school districts were unable to provide students with access computers due to limited 
availability, then printed paper-based tests were used. Any paper tests that were used had data 
input to a spreadsheet and combined with the data from the digitally administered tests. The full 
test is available in Appendix A. 
 The test consisted of four items with a multiple-choice closed response and three open 
response items in which students explained their reasoning. Three of the multiple-choice 
questions involved a picture of a space-based perspective (Figure 7), and one of the multiple-
choice questions involved a picture of an earth-based perspective (Figure 8).  
 
 
Figure 7. Space-based image used in test questions one through three. 
 
   
Figure 8. Ground-based images used in test question four. 
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Because the multiple-choice questions had few possible answers (i.e., for questions one 
through three students could select only Summer or Winter, and for question four students could 
select one of three choices), students were also asked to indicate their confidence in their 
responses to the four multiple-choice questions. Because prior research has shown that students 
often have a number of alternative conceptions about the causes of the seasons, the additional 
data about confidence enabled additional analysis that would have otherwise not been possible. 
This approach to measuring confidence has been used in previous studies that have investigated 
students’ conceptions (e.g., Brown & Clement, 1987; Monaghan & Clement, 1999), and 
comparing measures of confidence with measures of correctness provides data about the deep 
seatedness of students’ conceptions (Clement, 1993). 
Test questions one through three were designed to be diagnostic of students’ conceptions 
of the seasons at they relate to the sun-earth system. Therefore looking at the pattern of student 
responses to questions one through three can provide additional insights about students’ 
conceptions. For example, a scientifically accurate conception would be reflected by a response 
patter of Summer, Winter, Summer to questions one through three, respectively. A response 
pattern of Summer, Summer, Winter for questions one to three suggests that a student may using 
an alternative conception of rotation, which better explains the cause of day and night rather than 
the seasons. A response pattern of Summer, Winter, Winter for questions one to three suggests 
that a student may be using an alternative conception of distance to explain the causes of the 
seasons. 
Pre and Post-Interviews of Focal Students 
Interviews were conducted with individual focal students the day before and the day after 
using the simulation. A high definition video camera with wireless microphone was used to 
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record focal students during the interviews. Interviews were brief and lasted for approximately 5-
10 minutes. Students were asked, "How would you explain why we have warm summers and 
cold winters?" Students were also prompted to use their hands to help show their explanations. In 
the post-interviews, students were also prompted to use the gestures from the simulation if they 
had not already done so. The full interview protocol is available in Appendix B. 
Video of Focal Pairs Using the Simulation 
A high definition video camera was used to record pairs of students in the focal groups 
while they used the simulation during their science class period. The camera was set on a tripod 
at a distance approximately 10-15 feet away to capture the group and surrounding space while 
they used the simulation. Wireless microphones were used in conjunction with the video camera 
in order to obtain high quality audio of student conversations. The screen of the computer used 
by the focal group was also recorded using QuickTime software. The video from the camera and 
the video from the screen recording were combined and synchronized using Adobe Premiere, 
and the combined files were used for further analysis with the qualitative data analysis software 
Atlas.ti. 
Demographics 
A paper-based demographics form was used to collect self-reported data from students 
about age, gender, race, and ethnicity. The demographics form is available in Appendix D. 
Data Analysis 
 An overview of the data analysis procedures can be found in Figure 9. Additional details 
about data analysis are provided in the subsections below that are specific to each data source. 
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Pre and Post-Tests 
Data analysis initially proceeded with a phase of data cleaning in which pre and post-test 
responses were checked for valid responses and only complete data records were retained for 
inclusion in the study. 
The next phase involved data reduction. The closed response items from the pre and post-
tests were scored based on correct responses. Responses to the Likert-style questions asking 
students to self-report confidence were assigned numbers 1 through 5, with 1 corresponding to 
“just a guess” and 5 corresponding to “I’m sure I’m right.” These responses were treated as 
interval data for analysis purposes. The open response item from the pre and post-tests that asked 
students their explanation for what causes the seasons was deductively coded for the explanatory 
elements that were included (distance, light quantity, and tilt) in focal students’ explanations. 
This coding scheme is provided in Appendix E. Reliability of the coding procedure was 
established with another researcher using a held out data set, and the inter-rater reliability was 
83% before discussion. After discussion all discrepancies were resolved. 
Descriptive statistics were calculated to display the distribution of responses to the closed 
response questions on the pre and post-tests. Scores were converted to normalized gain scores 
(Hake, 1998). For inferential statistics, a paired sample t test was performed to compare average 
pre-test and post-test scores. Information about student demographics was explored with a 
multiple regression analysis. The final model predicted post-test score based on pre-test score 
and four demographic variables related to school, teacher experience, gender, and race and 
ethnicity. Missing data was handled by creating a pooled model with multiple imputations. 
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Pre and Post-Interviews 
The videos of pre and post-interviews of focal students were transcribed. After the audio 
from the videos was transformed into text, those data were reduced using the same strategy 
mentioned in the previous section to code explanatory elements from students’ explanations. 
This process is known as quantizing, or transforming qualitative data into a quantitative form. 
Descriptive statistics were calculated on these data so that they could be compared to the pre and 
post-test data. 
 Videos from one focal pair’s pre and post-interviews were subjected to additional 
analysis by coding for gestures used. This coding was done directly on the video files using 
qualitative data analysis software called Atlas.ti. These codes were transformed into tabular form 
so that they could be displayed succinctly in this document. 
Video of Focal Pairs Using the Simulation 
Data analysis continued with cleaning and reduction steps combined as video of focal 
groups was reviewed, and analytic memos were made to describe main interactions so that a 
chronological list of interactions in each group was generated. Data reduction continued using an 
inductive coding system that was developed to assign labels to the various interactions. This 
process started with the first cycle coding strategy of descriptive coding (Saldaña, 2012) in 
which a short phrase was assigned to summarize each interaction. This process continued with 
the second cycle coding strategy of focused coding (Saldaña, 2012) in which the codes from the 
first cycle of coding were clustered into categories. The categories that showed up most 
consistently across groups related to students use of the tabs and their discussions. The videos 
were coded using Atlas.ti to identify when each group opened each of the tabs and to 
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characterize the topic of any discussions (what their hands represented, comparison of June and 
December, or their explanation of the seasons).  
A visual display of the codes was generated during the phase of data transformation. I 
created a modified version of a specific type of graphic called a Chronologically-Ordered 
Representation of Discourse and Tool-Related Activity (CORDTRA) diagram (Hmelo-Silver, 
Jordan, Liu, & Chernobilsky, 2011). The CORDTRA diagram enabled me to display the codes 
for each focal pair over their time of enactment and thus facilitated identification of temporal 
patterns. Rather than displaying each unique code on a separate line, I modified the CORDTRA 
format to display all codes for each group on a single line. 
Data Integration 
After being combined in the same form, data from the tests and interviews were 
compared. A graphic visualization was made to compare pre-test and pre-interview data as well 
as post-test and post-interview data. Stacked bar charts were generated as a joint graphical 
display of these data. This visualization provided another way to address Research Question 1. 
Another integrative step in the data analysis occurred when case reports were developed 
to show two contrasting examples of how pairs of students used the simulations. Two groups 
were selected because each group illustrated one of two main categories of patterns of using the 
simulation. These case reports draw on the pre- and post- data to connect learning outcomes to 
how groups used the simulation. The case reports help address Research Question 2. 
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Figure 9. Summary overview of data analysis mapping how each data source was reduced, 
transformed, and integrated to answer the research questions. 
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CHAPTER IV: 
RESULTS 
Introduction 
This chapter is organized into two main sections addressing each of the two overarching 
research questions. 
RQ1. In what ways and to what extent do students' conceptions of the causes of the seasons 
change after using a gesture-augmented simulation? 
This research question is first addressed for the entire sample of students and then is 
further explored for the focal students. 
Entire Sample Overall Performance 
Out of a maximum possible score of 4, the mean score for the entire sample of students 
(n=285) on the pre-test was 2.26 (SD=1.069), and the mean score on the post-test was 2.83 
(SD=1.062). A paired sample t-test was conducted to compare scores on the pre-test and post-
test. There was a significant difference in the test scores, t(284)=7.492, p<.001. The effect size is 
moderate, d=0.445. 
Normalized gain scores (Hake, 1998) were calculated, and they are displayed in a 
histogram in Figure 10. Normalized gain scores factor in how much students learned relative to 
how much they could have learned based on initial knowledge, which is not addressed by simple 
gains and certainly not by analysis of final scores only. Normalized gain scores were used here 
because there was a wide range of initial pre-test scores, and that is an important consideration 
when attempting to make claims about learning after using the classroom activities. There is a 
bimodal distribution in the bin containing 0 as well as the bin with the highest possible 
normalized gain scores. This suggests that although many students’ scores improved on the post-
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test, there was a large group of students with scores that did not improve on the post-test. Many 
of these were due to ceiling effects for students who scored the maximum of 4 points on the pre-
test. 
 
 
 
Figure 10. Histogram of normalized gain scores. 
 
Entire Sample Question-Level Performance and Confidence 
 To further explore whether student performance improved similarly across test questions, 
Figure 11 displays the difference in the percentage of students who answered each question 
correctly on the post-test and the pre-test. More students answered each question correctly on the 
post-test than had answered on the pre-test. However, the largest difference was for question 4, 
which asked about a ground-based perspective. Questions 1 through 3 asked questions from a 
space-based perspective. Both the ground-based and space-based views were used in the 
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simulation (the test questions included screenshot images from the simulation), but the 
mechanisms for interacting with the simulation via gesture were tightly linked to the ground-
based perspective (e.g., the tilt gesture involved embodying light rays, which were graphically 
depicted in the ground-based view). The full test questions, along with images displayed to 
students, are available in Appendix A. 
 
 
Figure 11. Difference in percentage of students who answered each question correctly on the 
post-test and pre-test. 
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Table 6 displays summary statistics for each item on the pre-test and post-test, including 
mean confidence. Mean confidence increased for each item as well. However, the largest 
difference was for question 4, which asked about a ground-based perspective. As described in the 
previous chapter, confidence was a self-rated measure that was included to add more nuance to 
responses.  
 
Table 6 
Descriptive statistics of correct responses and mean confidence on pre-test and post-test items 
  Pre-test Post-test Difference 
View Item 
% correct 
responses 
Mean 
confidence 
% correct 
responses 
Mean 
confidence 
% correct 
responses 
Mean 
confidence 
Orbit 1 83.16 3.55 91.58 4.25 8.42 0.70 
Orbit 2 52.53 3.39 64.56 4.02 11.93 0.63 
Orbit 3 37.89 3.45 45.96 4.06 8.07 0.61 
Ground 4 52.28 3.10 80.70 4.32 28.42 1.22 
 
 
Table 7 displays overall percentages of how students responded to each question on the 
pre-test and post-test disaggregated by three self-reported confidence levels. This table helps to 
illustrate how student confidence in their answers aligned, or misaligned, with correct answers, 
which are highlighted in gray. There were overall increases in confidence for the correct answers 
and decreases in confidence for incorrect answers, but the biggest difference was for question 4, 
where the percentage of students who selected the correct answer with high confidence shifted 
from 23.5% to 70.5% between the pre-test and post-test. 
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Table 7 
Percentage of Student Responses to Pre-Test and Post-Test Questions Disaggregated by Confidence 
  Confidence 
  Low Medium High Total 
Q Response Pre (%) Post (%) Pre (%) Post (%) Pre (%) Post (%) Pre (%) Post (%) 
1 Summer 10.2 3.5 27.0 12.3 46.0 75.8 83.2 91.6 
 
Winter 4.2 1.4 6.0 2.5 6.7 4.6 16.8 8.4 
 
Sub Total 14.4 4.9 33.0 14.7 52.6 80.4 100.0 100.0 
2 Summer 8.8 4.6 16.5 10.5 22.1 20.4 47.4 35.4 
 
Winter 11.9 3.2 16.8 12.3 23.9 49.1 52.6 64.6 
 
Sub Total 20.7 7.7 33.3 22.8 46.0 69.5 100.0 100.0 
3 Summer 10.2 3.2 13.7 8.1 14.0 34.7 37.9 46.0 
 
Winter 11.6 4.2 14.0 10.9 36.5 38.9 62.1 54.0 
 
Sub Total 21.8 7.4 27.7 18.9 50.5 73.7 100.0 100.0 
4 A 10.2 2.5 18.6 7.7 23.5 70.5 52.3 80.7 
 
B 10.2 1.1 13.7 6.3 6.7 6.7 30.5 14.0 
 
C 4.6 0.7 6.3 2.1 6.3 2.5 17.2 5.3 
 
Sub Total 24.9 4.2 38.6 16.1 36.5 79.6 100.0 100.0 
 
Notes.  Correct responses are shaded. Low confidence is defined by a Likert response of 1 or 2. 
Medium confidence is defined as a Likert response of 3. High confidence is defined as a Likert 
response of 4 or 5. For question 4, choices A, B, and C were images with light rays striking the 
ground at different angles. 
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As previously described in Chapter 3, test items one through three were designed such 
that the pattern of responses could be used to make inferences about students’ conceptions of the 
causes of the seasons. Table 8 displays these patterns on the pre-test and post-test, with an 
additional column that highlights the difference in the number of students with each response 
pattern between the post-test and pre-test. The largest difference was an increase in the response 
pattern of “Summer, Winter, Summer,” which suggests more students were drawing on 
conceptions that were aligned with the scientifically accepted model of seasonal change. 
Although there was a decrease in the response pattern of “Summer, Summer, Winter,” which 
suggests drawing on the common alternative conception of the distance idea, that was the second 
most common pattern on the post-test.  Additionally, the response pattern of “Summer, Winter, 
Winter,” which suggests confusion with the mechanism for what causes day and night, increased 
on the post-test. These changes in response patterns suggest that there was some overall 
improvement in students’ conceptions, but common alternative conceptions persisted after using 
the learning environment.
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Table 8 
Pattern of student responses to test questions one through three 
 Pre-test Post-test Difference Notes 
Pattern n % n % n  
Summer, Summer, Summer 8 2.81 3 1.05 -5  
Summer, Summer, Winter 93 32.63 82 28.77 -11 Suggests distance idea 
Summer, Winter, Summer 81 28.42 116 40.70 35 Suggests accepted scientific conception 
Summer, Winter, Winter 55 19.30 60 21.05 5 Suggests day/night confusion and distance idea 
Winter, Summer, Summer 12 4.21 6 2.11 -6  
Winter, Summer, Winter 22 7.72 10 3.51 -12  
Winter, Winter, Summer 7 2.46 6 2.11 -1  
Winter, Winter, Winter 7 2.46 2 0.70 -5  
Total 285 100 285 100 0  
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Disaggregated Group Performance 
A multiple regression model was developed to predict post-test scores based on pre-test 
score and on several different demographic variables in order to explore the extent to which 
these factors made a statistically significant difference. Multiple regression analysis was used to 
make these comparisons, and the model is shown in Table 9. 
 
Table 9 
Multiple regression model for post-test scores based on pre-test score, race/ethnicity, gender, 
school/grade, and teacher experience with simulation. 
Model 
Unstandardized 
Coefficients 
t Sig. 
95.0% Confidence Interval for B 
B Std. Error 
Lower 
Bound Upper Bound 
 (Constant) 2.403 .200 12.038 .000 2.012 2.795 
Pre-test score .274 .057 4.808 .000 .162 .386 
Race/ethnicity -.492 .141 -3.492 .001 -.773 -.211 
Gender -.060 .123 -.489 .625 -.302 .182 
School/grade .155 .134 1.157 .248 -.108 .419 
Teacher experience with 
simulation 
-.105 .122 -.861 .389 -.344 .134 
 
Based on the multiple regression model, only two factors had a statistically significant effect: 
pre-test score and race/ethnicity. 
Focal Student Pairs 
The previous section focused on outcomes from individual students from the entire 
sample. This section focuses on outcomes from the six focal pairs of students. As a reminder, 
focal students were identified by the teachers who partnered with me to do this study. A 
complete description of selection criteria communicated to teachers can be found in Chapter 3. 
 95 
Figure 12 displays the different explanatory element combinations that were present in 
focal students’ explanations of causes of the seasons that they provided on four occasions: pre-
test, pre-interview, post-test, and post-interview.  
 
 
Figure 12. Comparison of explanatory ideas included in focal students’ explanations of causes of 
the seasons in the four different formats. Note: T is tilt, L is light, D is for distance, combinations 
thereof reflect multiple ideas expressed, and none indicates none of these ideas expressed. 
 
In addition to indicating correct responses, Table 10 highlights agreement in each pair on 
each question on the pre-test and post-test. Overall, there were 16 instances of agreement on the 
pre-test, and there were 15 instances of agreement on the post-test. There were only 6 instances 
of correct agreement on the pre-test, and there were 13 instances of correct agreement on the 
post-test.  
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Although the overall number of agreement instances was similar on the pre-test and post-
test, looking at the question level reveals different patterns based on question. Question 1 asked 
about a straightforward example from the orbit view, and there was high correct agreement 
already on the pre-test (5 out of 6 pairs). On the post-test all 6 pairs correctly agreed. Questions 2 
and 3 also asked about the orbit view, but they were designed to elicit common student 
misconceptions. For these two questions, there were 9 instances of agreement on the pre-test but 
only 4 instances of agreement on the post-test. On the pre-test 8 out of the 9 instances of 
agreement were incorrect agreement. On the post-test only 2 of the 4 instances of agreement 
were incorrect agreement. Therefore student responses became more divergent for questions 2 
and 3. Lastly, question 4 asked about the ground view. There were only 2 instances of agreement 
on the pre-test, and they were both incorrect agreement. This was a stark contrast to the post-test, 
which had 5 instances of agreement, which were all correct agreement. 
In addition to looking at patterns of agreement by question, patterns of agreement can be 
compared by group. Five of the 6 pairs had more instances of correct agreement on the post-test 
than the pre-test, which provides evidence to support Hypothesis 3 (Explicit discussions about 
explanatory models of the seasons would make students’ models more similar to one another and 
improve their models and thus their ability to individually apply their models accurately to test 
questions.). The amount of additional agreement varied for each pair, with Pair D on the high 
side having 3 additional instance of correct agreement on the post-test, which brought the pair 
into correct agreement on all 4 questions. The lowest amount of agreement instances was for Pair 
F, which had only 1 instance of correct agreement on the post-test.
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Table 10 
Test response agreement for focal student pairs on pre-test versus post-test 
 Pre-test Post-test 
Pair Q1 
(Orbit) 
Q2 
(Orbit) 
Q3 
(Orbit) 
Q4 
(Ground) 
Q1 
(Orbit) 
Q2 
(Orbit) 
Q3 
(Orbit) 
Q4 
(Ground) 
A 
        
B 
        
C 
        
D 
        
E 
        
F 
        
 
Notes. Cells shaded gray indicate agreement on a correct answer. Cells shaded red indicate 
agreement on an incorrect answer. Cells shaded white indicate disagreement. 
 
 
The interviews with Carrie and Michelle, the students who were members of Focal Pair 
B, were used to take a closer look at how individual students’ use of gestures changed from pre-
interview to post-interview. Table 11 and Table 12 show Carrie’s pre and post-interview, 
respectively. Similarly Table 13 and Table 14 show Michelle’s pre and post-interview. There 
were approximately twice as many more explanatory segments in the post interviews for both 
students. In addition to becoming more frequent, gesturing became more complex with many 
more overlapping gestures during an explanatory segment. 
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Table 11 
Carrie’s pre-interview explanation 
Explanatory 
segment # 
Gestures 
Verbal utterances  
Representational 
Non-
representational 
Earth Sun Orbit Tilt 
Light 
angle Beat Deictic 
1      X  Well, I'm pretty sure it's because, 
2 X  X     the Earth goes around the sun 
3 X   X    and so like when we're in winter, we're faced away from the sun – 
4      X  or, well, kind of faced away 'cause we're 
5 X   X    
on a tilt, but um, and then in summer we're more faced towards the 
sun. 
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Table 12 
Carrie’s post-interview explanation 
Explanatory 
segment # 
Gestures 
Verbal utterances 
Representational 
Non-
representational 
Earth Sun Orbit Tilt 
Light 
angle Beat Deictic 
1 X X      Ok, so we're in the northern hemisphere, right? And so when we're in 
winter, we're on this side of the Earth--or sun. So this is the sun and 
this is the Earth. We're on this side of the sun 
2 X X  X    because there's like the tilt in it, or the axis, yeah the tilt of the axis of 
the Earth, um, makes 
3 X   X   X the southern and the northern hemisphere 
4 X X  X    and so since we're 
5 X   X   X pointed away from it, then the rays from the sun are less direct, or 
indirect, so then 
6 X X  X X   they're at an angle which 
7 X   X  X  makes the surface temperature colder, which makes us have winter, 
and then 
8 X  X X    it's like the same thing but vice versa, 
9 X   X   X so we would still be on this side but we'd be pointed towards the sun 
instead 
10 X X  X X   and the rays would be more direct which would make 
11 X   X  X  the surface temperature hotter, which makes it summer. 
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Table 13 
Michelle’s pre-interview explanation 
Explanatory 
segment # 
Gestures 
Verbal utterances  
Representational 
Non-
representational 
Earth Sun Orbit Tilt 
Light 
angle Beat Deictic 
1      X  I thought that in summer it's hotter 
2 X       because we're closer to the sun, 
3       X but it's actually flipped. In winter 
4 X       we're actually closer to the sun, but  
5      X  it's cooler. I don't know why. Just, I don't know why. 
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Table 14 
Michelle’s post-interview explanation 
Explanatory 
segment # 
Gestures 
Verbal utterances 
Representational 
Non-
representational 
Earth Sun Orbit Tilt 
Light 
angle Beat Deictic 
1      X  We have warm summers because 
2 X       the Earth is tilted and 
3 X   X    so the northern hemisphere would be like pointing 
4 X   X   X towards the sun, and the 
5 X   X   X southern hemisphere would be pointing away from the sun, so -- 
6 X   X   X in the northern hemisphere it’d be 
7 X   X    warmer because it's closer, and then 
8 X   X   X the southern hemisphere would be colder 'cause it's away. 
9 X  X X    And then once we go all the way around, it's 
10      X  the opposite. 
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RQ2. What patterns of action while using the simulation are associated with improved 
conceptions of the causes of the seasons? 
The learning environment was structured around a series of tasks that asked students to 
“do” something in the simulation and then to “discuss” their ideas. These prompts were 
contained within tabs that students were instructed to open and close as they engaged with the 
simulation. Figure 13 summarizes patterns of activity while pairs used the simulation, with a 
focus on when students opened a specific tab and when they discussed ideas as prompted in the 
tabs.
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Figure 13. CORDTRA diagram of focal pair use of tabs and discussion while using the simulation. Note that Pairs are numbered 
sequentially to correspond with the lettered pairs (e.g., Pair 1 is Pair A, Pair 2 is Pair B, and so on).
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The CORDTRA diagram in Figure 13 helps to show differences in how different pairs 
used the simulation. One difference that is readily apparent is the difference in the amount of 
time that each pair engaged with the simulation, with Pair B and Pair F using the simulation the 
longest while Pair C used the simulation the shortest amount of time. 
Another difference in patterns of usage concerns the amount of discussion that each pair 
engaged in. Pair A, C, and D engaged in discussion multiple times while Pair B, E, and F seldom 
discussed their ideas, if at all. These patterns become interesting in light of the outcomes data 
presented in the previous section. For example, Pair D demonstrated the most convergence on 
correct answers (see Table 10), and they engaged in frequent discussion of their ideas. On the 
other hand, Pair F experienced the least convergence (see Table 10), only converging on correct 
answers to one of the four test questions. The lack of discussion of ideas in Pair F is a clear 
pattern that stands out from Figure 13. 
Most pairs opened Tab 1 relatively soon after starting to use the simulation. However, the 
pattern of opening subsequent tabs varied substantially. For example, Pair D opened each tab in 
spaced intervals, interleaved with discussion. Pair F opened Tab 2, Tab 3, and Tab 4 in quick 
succession. Again, the difference in outcomes described in the previous paragraph suggests that 
spaced opening of the tabs is associated with better learning outcomes. 
Case Studies 
The previous results sections have identified differences in outcomes for different focal pairs, 
and differences in patterns of use have also been identified. In the following sections I present 
two case studies to contrast the pairs that had the most different outcomes. The two pairs were 
from enactments with the same classroom teacher. 
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Case Study of Pair D: High Convergence on Correct Answers 
Both students who were members of Pair D gave responses on the pre-test and pre-
interview that showed they were using the alternative conception of distance to explain the 
causes of the seasons. Given the similarity between pre-test and pre-interview responses for these 
students, I elaborate only on their pre-test responses. For example, on the pre-test Matthew 
wrote: 
I believe that we have warm summers and cold winters because of our path around the 
sun. Many people may think that the earth orbits around the sun in a circle, but in reality 
we really orbit the sun in an ellipse. Because of this, part of the year, in this case winter, 
the earth is colder because it is farther from the sun than in summer when the earth is 
closest to the sun. 
 
Similarly, on the pre-test Simon wrote: 
Since the Earth's orbit is elliptical, there are times where we are closer to the sun, which 
is summer. In winter, we are further away from the sun and therefore it is colder. 
 
When they responded to pre-test questions one through three, Matthew responded with 
the pattern “Summer, Summer, Winter” and Simon responded with the pattern “Summer, 
Summer, Summer.” This showed that even though both students gave explanations that used the 
same explanatory element of distance, each student applied their model in ways that gave rise to 
different responses on the rest questions. With regards to self-reported confidence, both students 
responded to all the items with a 4, which was the second highest possible response. 
Once students were instructed to start using the simulation, Pair D took a few moments to 
get used to the hardware and software. They tested the placement of their hands to make sure the 
equipment was working properly. This initial time seemed like a worthwhile investment of time 
even though it delayed starting the task because these students were oriented to the learning 
environment. 
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After a couple minutes of orienting themselves to the learning environment, they opened 
Tab 1, and one student in the pair read the entire prompt aloud. This verbatim reading of the 
prompt was markedly different than other groups, some of which opened the tab and presumably 
read silently. This seemed important for establishing a shared understanding of their goal for 
using the learning environment. After reading the prompt aloud, which asked students to move 
between June and December using one-handed control, they proceeded to do the task.  
After completing the “do” task they reopened Tab 1, followed by a discussion of what 
their hands represented: 
 
M: I think it represents the-- 
S: Angle. 
M: --Orbit of the Earth. 
S: So, yeah. 
M: If it were angle, you could just go like (hand motion) (S: Yeah.) and it would hone in 
on the angle of your hand. 
 
During this initial discussion, the students in the pair had different ideas about what their 
hand represented, but they did not engage in lengthy discussion of their differing ideas. At this 
point, the students did not have consensus about what their hands were supposed to be 
representing. The student who thought it was the angle of the light was accurate, but he did not 
argue for his interpretation. After the discussion, they opened Tab 1 a third time, and then they 
discussed a comparison of the light rays in June versus December: 
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S: It’s pretty sharp in December, only very slightly angled. 
M: Yeah, I think— 
S: And that’s definitely cause we’re not on the equator. 
M: Yeah. 
 
At this point the students in the pair did not extensively exchange ideas during their 
discussions, but at least one student in the pair elaborated on a rationale for his thinking. The 
action of opening the same tab multiple times seemed important with regards to the discursive 
goals of the task. In contrast to some other groups that would open a tab, proceed to do the “do” 
task, and then move on to the next tab, this group attended to the “discuss” tasks more diligently 
than other groups. This is important because the design of the learning environment and the 
rationale for how it promotes learning is via socially mediated discussions of ideas. From this 
example, it appears that opening a tab multiple times is a proxy for attending to multiple steps of 
a complex task rather than only the initial steps, and all of the steps were intended to be 
completed by students in order to support their learning. 
This pair explored the simulation some more and then had another discussion sequence 
comparing June and December before opening Tab 2: 
 
S: But we do agree that in June— 
M: It’s more direct.  
S: June is when it’s most direct sunlight. And then in December, in December it’s the 
highest angle. 
M: Yeah. 
 108 
S: And then in September and March I think they’re practically the same.  
M: Yeah, because fall and spring are dangerously similar. It’s just in fall everything starts 
to die, and in spring everything starts to grow.  
 
This discussion excerpt illustrates the students checking in with each other about whether 
or not they agreed, which did not occur up until this point. Most of the other pairs, even when 
they did discuss, did not explicitly compare their ideas. The prompt to compare ideas was 
specifically designed to support students with identifying where their ideas were possibly 
incongruent and to encourage further exploration of the simulation until they could reach 
consensus. This peer interaction was designed to promote the possibility of cognitive dissonance 
in the pair, which could stimulate conceptual change. There is evidence in this discussion that the 
pair engaged in further exploration because they compared spring and fall even though the 
prompt only targeted winter and summer. 
The pair proceeded to open Tab 2, read the prompt aloud again, and then completed the 
“do” task, and then they discussed a comparison of June and December again: 
 
M: So in June they’re— 
S: So in December the rays are farther apart.  
M: In December the rays are at a higher angle and are farther apart than in June when 
they’re hitting it more straight on, and there’s a smaller gap between them. 
 
This excerpt shows that this pair sustained their discussions. Some other groups only 
discussed after the first “do” task and not on the subsequent tabs. However, the tabs were 
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designed to vary the tasks in order to make different features of the simulation more salient to 
students. Thus, the “do” and “discuss” tasks in the subsequent tabs were designed to support 
students with developing more robust conceptual models of the system and to support 
explanations that apply to more scenarios. Given the commitment of this pair to continuing their 
discussions, I would expect them to be able to explain a broader array of scenarios. 
Then they opened Tab 3 and proceeded to complete the task. Then they started to discuss 
a comparison of June and December again.  
 
S: So in June they’re closer together and hitting it straight on. And then in December 
[interruption by teacher asking about planners being filled out]. 
 
After completing the organizational task, they returned to the simulation, and then they 
had a discussion about causes of the seasons: 
 
S: Do we agree on that? How, like what we were saying—  
M: Yeah, as the earth’s tilt changes, the sun, sunlight doesn’t change angles. And so the 
sunlight appears to be at an angle. 
 
Again, this pair explicitly checked for agreement. After that, they proceeded to the final 
tab for them, Tab 4, and they explored the simulation. They explored views from different 
locations and rotated the view to see the system from a different perspective. 
This pair read aloud all the text on the tabs and carefully checked the settings to ensure 
they were following instructions for the “do” tasks. This was important because it demonstrated 
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joint attention to the learning tasks. They opened all the tabs, some of them multiple times, and 
they also engaged in discussions often. Although it was common for groups to open all of the 
tabs, it was unique that this pair often opened the tabs multiple times. Their discussions included 
explicit checking in on what ideas they agreed on. These actions would lead me to think the 
group should converge more on their ideas, and that is what we saw on the post-tests. 
Both Matthew and Simon gave identical, correct responses on the post-test. Both students 
also self-rated their confidence as a 5, the highest level (“I’m sure I’m right”). Matthew gave an 
explanation that incorporated the tilt and light intensity explanatory elements: 
We have warm summers and cold winters, because of the angle of the sun, and the way 
that light from the sun hits earth. The earth's axis is at an angel, a 23.5 degree angle. This 
means that part of the year, part of the earth will be positioned towards the sun, then in 
the same part of the world later in the year, that part of the earth will be positioned away 
from the sun. When the part of earth you are on is positioned towards the sun, that part of 
the earth gets more direct rays of sun light. Then when that part of the world is positioned 
away from the sun the sun light is less direct, and the beams of light are farther apart. 
This makes it winter or summer. 
 
Simon incorporated the same explanatory elements of tilt and light intensity in his explanation on 
the post-test: 
Since the Earth is tilted on its axis, each part of the Earth, except for the equator, 
experiences noticeably different types of weather over the course of a year. For example, 
in June to September, the northern hemisphere is tilted towards the sun and therefore gets 
more direct sunlight which means more rays shine down and therefore is a generally 
warmer time of year. And in winter when a specific hemisphere is tilted away, it gets less 
direct sunlight, and therefore less sunlight and it is generally colder because of it. 
 
Each student emphasized different aspects of their explanation (e.g., Simon’s caveat about the 
equator), but both students wrote about the angle or directness of sun light, which was something 
they discussed at length while they were using the simulation. 
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Case Study of Pair F: Diverging Learning Experiences 
The two students who were part of Pair F both initially drew upon the distance idea as the 
primary explanatory element in their written responses on the pre-test that addressed what they 
thought caused the seasons. One of the students in the pair, Bryan, wrote:  
We have warm summers because we are closer to the sun during spring or summer, but 
when its fall or winter, we are farther away from the sun. 
Similarly drawing upon the distance idea, the other student in the pair, Jim, wrote: 
Because Earth orbits in an ellipse shape it passes closer to the sun at some times and 
father at some times and this is what creates seasons. So when we are up close to the sun 
we have a warm summer when we are farther from the sun we have a cold winter. 
 
Interestingly during the pre-interviews, neither student used the distance idea. Bryan 
articulated his rationale using the light idea while Jim gave an explanation that initially focused 
on the tilt idea, and he articulated a rationale for how that would connect to the light idea. 
Neither student in this pair showed consistency in their explanations across the formats of pre-
test and pre-interview. In this case, each student started the simulation experience with multiple 
competing explanations as evidenced by their responses to the pre-test and pre-interview. 
Bryan responded to the pre-test questions one through three with the pattern “Winter, 
Summer, Winter.” Jim responded with the pattern “Summer, Summer, Winter.” Bryan’s self-
rated confidence was 5, 5, and 4, while Jim’s ratings were 4, 4, and 3, which indicated that Jim 
had a higher degree of uncertainty. 
When the pair began the simulation experience Bryan started by clicking on the 
dropdown menus. Jim recommended they start by clicking on Tab 1, and he clicked on the 
trackpad to open the first tab. 
 
J: Move the earth from June to December… 
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B: Let me do it (swatting Jim’s hands away from the Leap). No, you go first. 
 
Jim put one hand above the Leap and started tilting it back and forth. While Jim was 
trying to compare June and December, Bryan touched the trackpad. 
 
B: Wait, can we choose what place it is? 
 
Bryan scrolled down to the bottom of the simulation and clicked the dropdown list of 
locations that were programmed into the simulation. This location option was intended to be 
explored by students in the last tab. However, it caught Bryan’s attention early in the simulation 
experience, and he fixated on it throughout the rest of their time using the simulation. Jim 
suggested they stick with the default location and moved his hand back over the Leap and tried 
moving his hand back and forth to get the simulation to lock on to his hand movements. Bryan 
lifted Jim’s elbow up to try to help position his hand where the Leap could read it.  
 
B: Wait, let me do… custom location. 
 
Bryan clicked back in the dropdown list of locations. Jim tried to direct him back to the 
ground view of the simulation, but Bryan continued by clicking the slider bar that changed the 
latitude. Jim asked him not to change that setting and suggested they continue, and Jim clicked to 
reopen Tab 1. Bryan said again that he wanted to do a custom location. Jim told him he could try 
it when they were done. Bryan sat back in his chair, and Jim opened Tab 1 again. 
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Jim asked if Bryan wanted to try using the Leap. Bryan held two hands over the Leap and 
followed the directions of the animation to move his hands closer and farther from each other. 
Then he decided to click the slider bar to change the months. He clicked the earth in the orbit 
view and dragged it around quickly three times. Then he clicked back to the location menu and 
said, “Wait, let me do something. Hold up.” He clicked the latitude slide bar and moved it until 
the light rays were nearly vertical. “There we go.” 
A researcher walked over and looked at the screen. The students looked busy but did not 
say anything. This brief episode was essentially an example of taking a sample of students’ 
activity in the simulation. From seeing only a few seconds of how the students were using the 
simulation, it was difficult to think of prompts that might move them along in their thinking. 
As soon as the researcher walked away, Bryan started typing in the custom location box. 
“Is that where it is?” Jim asked. “No,” Bryan replied. “Then don’t type that if that’s not where it 
is.” Jim said “We’re supposed to be doing this.” And he clicked on Tab 2. He closed the tab and 
started using the simulation while Bryan chatted with a neighboring student in another group. It 
seemed that Bryan thought the custom location field might work like searching a database on a 
mapping application where he could enter the name of an existing city and the coordinates would 
be loaded automatically. Jim seemed to recognize that the accuracy of the coordinates depended 
on user input. 
The teacher made a class announcement to move to the next tab if they had not already 
done so. Jim clicked Tab 3. He closed the tab and adjusted the settings. He moved his hand over 
the Leap but before he could use it Bryan moved his hand out of the way. “So move it from June 
to December,” Jim told Bryan. Jim opened Tab 3 again and read silently while Bryan returned to 
chatting with the neighboring student again. “Okay, so what do you think your hands represent?” 
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Jim asked, to no response from Bryan. Jim answered his own question, “It represents the tilt of 
the earth in relation to space.” Bryan said nothing in response, and Jim proceeded to open Tab 4. 
He closed it and started to change view, loading the earth view. Bryan said, “Wait, how do we 
know where we are at?” Jim clicked around on the simulation views. Then Bryan said, “What are 
you doing? Wait. Wait. Stop, stop, stop.” Bryan clicked the custom location. Jim said, “That’s 
right there, like off the coast of Florida.” Bryan replied, “No, it’s not.” Jim said “Yes, it is. That’s 
what you put in for the latitude and longitude.” Bryan clicked the slider bars for the latitude and 
longitude and started moving them. He clicked the view of the earth and rotated it so he was 
looking on the other side. “How do we get the light on it?” he asked. He clicked around some 
more then exclaimed, “There! I think I got it!” Jim asked, “How do you spell it?” and started 
typing the name of a city in the Philippines. “Wait, let me do something.” Bryan clicked to open 
a new tab. “Wait, I’m trying to look at the spelling. There. I’m wrong.” Jim started playing with 
the hand animation while Bryan started chatting with the neighboring student again. “Look at my 
thumb.” Jim said. Jim continued to investigate in the simulation, clicking various settings. Jim 
clicked refresh to reload the page after adjusting several settings. The teacher made an 
announcement that they should wrap up soon. Jim dragged the location and started typing in 
Florida. Bryan continued to talk to the neighboring student. “This is the most direct sunlight the 
north pole ever gets.” Then he said aloud “This is the most it gets in the south pole.” The teacher 
made an announcement that they would have about 2 minutes left. “Why does it think it’s my left 
hand?” Jim played with the hand animation a bit more. “Alright kids, I need you to do the 
following…” The teacher announced for the students to pack up the Leap devices. 
This description of students’ use of the simulation adds some richness to the activity 
patterns identified in the CORDTRA diagram (Figure 13). The most striking activity pattern was 
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that although the students engaged with all of the tabs, they did not engage in any discussion. 
There were instances where Jim tried to engage in discussion (e.g., asked his partner what he 
thought his hands represented), but those were unrequited attempts at discussion and thus were 
not coded as discussion episodes. The tabs were opened with regard to their relative position but 
it was conceivable for students to start in any order depending on their interests. However, the 
design of the simulation implicitly suggested a priority for the tabs. Even though Bryan was 
interested in exploring a custom location, which aligns with what was asked of students in the 
last tab, he wanted to start with that exploration. That became a distraction from attending to the 
representations that were intended to support students’ sense making of the seasons 
phenomenon. 
After this experience with the simulation that illustrates a use that fell below 
expectations, what did these students articulate in their explanations? Surprisingly both students 
similarly made reference to the tilt and light ideas but not the distance idea in their written 
explanations on the post-test. Bryan wrote:  
Because of how the earth is tilted and how the sunlight is hitting the earth. 
Jim wrote:  
Because in the summer we get more direct sunlight which means that we get more heat 
because the earth is tilted and the northern hemisphere gets more direct sunlight in 
summer but in winter we don't get as much direct sunlight and it is cold. 
 
Jim articulated more details related to the causal mechanism for seasonal change. In the post-
interviews both students were consistent with their written explanations, articulating explanatory 
elements of tilt and light. However, when Bryan recalled the two-handed gesture used for 
controlling the simulation, he added back the distance idea in his explanation. 
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Based on their general explanations for seasons, it might appear that there was 
convergence in students’ ideas. However, when we look back at the pattern of their responses to 
the multiple choice questions and their rationale, it becomes clear that there are differences in 
how the students were able to apply their models. Bryan responded “Summer, Summer, Winter,” 
and Jim responded “Summer, Winter, Summer.” They switched with regards to their relative 
confidence; Bryan self-rated a 4 for all three items and Jim self-rated 5 for all three items. Both 
students agreed location A would be summer. However, they disagreed on location B and 
location C. Jim thought location B would be winter, and location C would be summer, and Bryan 
thought the opposite. When asked to share their rationales, Jim said: 
For A and C they are both in the northern hemisphere and it is tilted to the sun and that 
means that A and C get more direct sunlight in this picture (Please note that at C it is 
night). Location B is in the southern hemisphere so they get less direct sunlight and they 
are having winter and snowball fights right now. This is because the southern part of the 
world is tilted away from the sun so they get indirect sunlight. 
 
Bryan wrote: 
For Locations A and B, it would be summer since they are facing the sun, and for 
location C, it would be winter because it is not facing the sun. 
 
It appears that a main difference in these students’ thinking was the extent to which they 
integrated earth’s rotation into their explanatory models of the system. Jim accounted for this and 
answered all of the questions correctly. Bryan did not account for that, and he demonstrated 
confusion with the mechanism for causing day and night. This difference in student responses is 
striking, but the differences are not surprising when considered in light of their pattern of using 
the simulation. Without having even a single discussion episode, their divergent responses can be 
explained by their lack of consensus seeking during the learning activity. 
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CHAPTER V: 
DISCUSSION 
In this chapter I first briefly summarize this dissertation study, and then I discuss 
implications based on the results presented in the previous chapter. I summarize the findings that 
addressed my research questions, and I provide interpretation for the findings and their meaning 
for literature on learning the causes of the seasons, using simulations in science education, 
gesture in science education, and embodied cognition and constructivism. Then I identify 
limitations of the study and make conclusions and suggestions for future research. 
Summary of the Study 
This dissertation explored the learning process and learning outcomes of middle school 
students who used a learning environment called a gesture-augmented simulation that was 
designed to support learning the causes of the seasons in their science classes. This type of 
learning environment has been shown to be generative for individual students (e.g., Mathayas, 
Brown, Wallon, & Lindgren, 2019), but to date there have not been studies of classroom 
implementation of gesture-augmented simulations. The causes of the seasons is a topic that has 
been extensively studied in science education but has remained challenging for learners (Lelliott 
& Rollnick, 2010). 
This study specifically addressed students’ classroom-based learning processes and 
outcomes with these research questions:  
1. In what ways and to what extent do students' conceptions of the causes of the seasons 
change after using a gesture-augmented simulation?, and  
2. What patterns of action while using the simulation are associated with improved 
conceptions of the causes of the seasons? 
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I investigated these research questions using a mixed methods approach in order to 
examine learning processes and learning outcomes. In total, 285 middle school students were 
included as participants in this study. These students used the gesture-augmented simulation 
during their regular science class, and data were collected during 24 class periods at two different 
schools. Data collected from all students included a pre-test and post-test, as well as a self-
reported demographics form. There were twelve students who were involved in additional data 
collection including pre-interviews and post-interviews, and these focal students were also video 
recorded as they used the simulation in their classroom. Discussion of the findings of my 
analysis are presented in sections addressing each research question. 
RQ 1. In what ways and to what extent do students' conceptions of the causes of the seasons 
change after using a gesture-augmented simulation? 
Overall, students’ conceptions of the causes of the seasons became more aligned with 
scientific perspectives, and students become more confident in their knowledge. These outcomes 
are aligned with broad goals for science classroom instruction. These outcomes are supported by 
the increase in mean score on the test, from 2.26 on the pre-test to 2.83 on the post-test. The 
moderate effect size (d=0.445) is worth noting, given the relative brevity of the test and given 
that the histogram of normalized gain scores (Figure 10) showed a large number of students with 
0 normalized gain. This indicates a ceiling effect on the test items, and this offers another reason 
to consider students’ self-rated confidence when measuring changes in conceptions. Table 7 
shows student responses to pre-test and post-test questions disaggregated by confidence. Take 
the example of students’ responses to Question 1, which increased from 83.2% to 91.6% from 
pre-test to post-test. A large number of students already answered that question correctly on the 
pre-test. However, self-reported confidence shows that students increased in their confidence in 
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their response: 46% of students who answered correctly on the pre-test indicated they had high 
confidence, and that increased to 75.8% of students who answered correctly on the post-test who 
indicated they had high confidence. From a perspective of conceptions as dynamically emergent 
structures (Brown, 2014), attending to confidence may be important for explaining the likelihood 
of particular conceptions emerging in particular contexts, with the possibility that conceptions 
rated with high confidence may emerge more often or in more contexts. One of the target 
learning goals for this intervention was for students to improve their explanations of seasons. 
One would expect student confidence to increase when they can provide a defensible rationale 
for their answers, and this aligns with several of the Science and Engineering Practices in the 
NGSS (NGSS Lead States, 2013). 
Previous interventions for helping students learn the causes of the seasons also showed 
improved overall outcomes (Hsu, Wu, & Hwang, 2008). However, some differences between 
this study and the research reported by Hsu, Wu, and Hwang (2008) relate to differences in the 
participants who were included in the study. This dissertation study had over three times the 
amount of participants (285 vs. 75), and this dissertation study involved middle school students 
while Hsu, Wu, and Hwang’s study involved high school students (2008). Therefore this 
dissertation contributes to the knowledge base about improving learning outcomes related to the 
seasons with an approach that involves computer simulations. 
To further explore the ways in which students’ conceptions changed, it is useful to 
consider performance on individual test questions in relation to whether assessment questions 
focused on a space-based perspective (test questions one through three) or an earth-based 
perspective (test question four). The importance of supporting students with both space-based 
and earth-based perspectives has been highlighted as a key objective for future instruction aimed 
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at helping students learn about the causes of the seasons (Plummer & Maynard, 2014). The 
percentage of students who improved on the earth-based assessment question was over double 
the percentage of students who improved on the space-based assessment questions. It could be 
the case that students were simply more familiar with thinking about the causes of the seasons 
from a space-based perspective based on prior learning experiences, and the novelty of the 
ground-based perspective enabled more room for improvement. However, one of the space-
based questions (question two) had a similar number of students answer it correctly on the pre-
test as the earth-based question (question four): 52.53% versus 52.28%, respectively. However, 
many more students answered the earth-based question correctly on the post-test (80.70% versus 
64.56% for the space-based question). Also, students’ self-reported confidence for the earth-
based perspective went from the lowest on the pre-test (3.10) to the highest on the post-test 
(4.32). Given that the gesture-augmentation feature involved students primarily embodying light 
rays in the earth-based ground view, these results appear to support the overarching design 
hypothesis of this study. 
From a space-based perspective, post-test scores showed the persistence of alternative 
conceptions. Questions 1, 2, and 3, were answered correctly on the post-test by 92%, 65%, and 
46% of students, respectively. Recall in Chapter 3 the description of how the series of these three 
questions was designed to distinguish between responses answered from the perspective of the 
scientific conception versus those answered from the perspective of common alternative 
conceptions. The persistence of alternative conceptions about the causes of the seasons is not 
surprising based on previous literature (e.g., Hsu, Wu, & Hwang, 2008). However, a concern is 
that student’s self-reported confidence increased uniformly and did not align with the pattern of 
correct responses. Average confidence was 4.25, 4.02, and 4.06 for Questions 1, 2, and 3, 
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respectively, on the post-test while the percentages of students who answered those questions 
correctly were 92%, 65%, and 46%. This contrast in pattern between decreasing correct student 
responses and stable high confidence in correctness suggests that on average the learning 
environment did not support students with developing more accurate perceptions of their 
understanding. The persistence of alternative conceptions is also supported by the finding about 
the pattern of student responses to test questions one through three (see Table 8). 
To dig further into the question about the extent to which students’ conceptions of causes 
of the seasons change after using the gesture-augmented simulation, I predicted post-test scores 
based on pre-test score and four demographic variables: school, teacher experience, gender, and 
race/ethnicity. 
There were no differences in score based on school. Each school addressed their 
astronomy unit at different grade levels (Grade 6 and Grade 7), and because there were no 
differences in scores between schools, there is some support for the appropriateness of the 
grouping of middle school performance expectations in the NGSS and the suggestion that the 
middle school performance expectations can be interchangeable among middle grades (NGSS 
Lead States, 2013). This comparison was also a proxy for age, with students in Grade 6 on 
average younger than students in Grade 7. There was no evidence to support an age-based 
developmental difference in learning the concept. Additionally, each school differed with regard 
to the science curriculum that was used. Given that there was no difference in scores, I conclude 
that this type of gesture-augmented learning environment may be flexible to fit with various 
science curricula. 
There were no differences in scores based on teacher experience with the simulation. This 
was surprising to me because it could have been reasonable to assume that the teachers with 
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more experience using gesture-augmented simulations would result in higher student 
achievement. Given that was not the case, this suggests a low barrier to entry for teachers to start 
using gesture-augmented simulations. That is, extensive experience with this specific technology 
is not a prerequisite for using it to promote student learning outcomes. 
There were no differences in scores based on gender. This finding was consistent with 
overall trends in the state based on NAEP data (NCES, 2015), and this finding was indicative 
that the learning environment supports similar learning outcomes for male and female students. 
There was a difference in scores based on race and ethnicity, with students who identified 
as White or Asian showing greater post-test scores than students who identified as Black or 
Hispanic. This trend in discrepant performance is consistent with overall trends in state NAEP 
data (NCES, 2015). However, other school measures of science achievement were not a part of 
this study, and therefore it is worth raising the possibility that although there were score 
differences, the differences may potentially be smaller than other science scores might indicate. 
Future research should involve collecting these data (i.e., additional science achievement 
measures) to enable the exploration of such score differences. 
When looking more closely at the twelve focal students’ pre and post explanations in 
written and verbal formats, there is evidence that the majority of students improved their 
explanations by combining explanatory elements of tilt and light (Figure 12) while greatly 
reducing the explanatory element of distance. Although this is a subsample of participants, the 
drastic reduction in the presence of the distance idea is striking in comparison to the persistence 
of the distance idea in other studies. For example, Hsu, Wu, and Hwang (2008) found an 
increase in the number of students who expressed the distance idea after the intervention. It is 
also interesting to contrast that there was more variability across formats (written and verbal) on 
 123 
the pre-test and pre-interview, but there was more consistency across formats in the post-test and 
post-interview. From a perspective of students’ conceptions as dynamically emergent structures 
(Brown, 2014), this may suggest that students developed more of an attractor state for the 
scientific conceptions after using the gesture-augmented simulation. 
An additional analysis of one focal pair of students’ pre and post-interviews was done to 
further explore how gestures revealed aspects of students’ mental models. This analysis was 
prompted by noticing that Carrie integrated the explanatory elements of tilt and light quantity 
into her pre-interview and post-interview explanations. Coding for explanatory elements made it 
appear that she provided equivalent explanations on both occasions. However, while watching 
the video clips it was apparent that the explanations were qualitatively different. Although 
Crowder (1996) observed differences in how students gestured based on whether they were 
communicating an explanation to others or engaging in sensemaking for themselves, these 
differences were observed in the context of students communicating explanations at two different 
time points. I made the decision to analyze the gestures used by Carrie and her partner Michelle 
in the pre-interview and post-interview explanations in order to characterize differences in how 
they gestured about the sun-earth system before and after using the simulation. Tables 9 and 10 
showed how Carrie’s conceptions changed based on how her explanation became more causal 
mechanistic and was accompanied by more representational gesturing. These findings align with 
the claim that analyzing gestures can give insights to how students are thinking about concepts 
(Stephens & Clement, 2010; Givry & Roth, 2006). Even though her pre-explanation mentioned 
the sun, she did not embody the sun with any of her gestures. In her post-explanation, Carrie 
mentioned and gestured about the sun, and she added to the mechanism to include the role of 
light rays from the sun, which she also embodied in her gestures. Even though she did not 
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include alternative conceptions in her pre-explanation, the gestures that were part of her post 
explanation showed how her conceptions of causes of the seasons became more complex and 
more causal mechanistic. 
This can be contrasted with the other student in the focal pair, whose pre and post-
interview explanations were showed in Tables 11 and 12. In the pre-explanation Michelle 
mentioned that she was aware of the common alternative idea about distance and that that was 
not scientifically accurate. However, she could not articulate an alternate causal explanation, and 
she included very few representational gestures. In the post-explanation Michelle provided a 
mechanism and drew upon the explanatory element of tilt. Even though she also used the 
distance idea, her explanation became more causal, and she gestured much more, perhaps 
indicating development of a mental model. 
For both students, the amount of representational gesturing increased in their post-
explanations. Their amount of deictic gesturing also increased in their post-explanations, and this 
often served to highlight specific parts of the models they enacted with representational gestures. 
Oliveira et al. (2014) found that teachers used deictic gestures extensively when linking to 
concrete physical models in the classroom. However, these students increased their use of deictic 
gesturing in relation to other representational gestures rather than physical objects. These 
examples serve to make research on gesture more complex by showing examples where students 
did not use of single, discrete gestures. Rather, students combined multiple gestures, often 
simultaneously, in rapid succession in gestural sequences. The characterization of these gestural 
sequences, rather than individual gestures, is a contribution to the literature on gesture in science 
education. This finding makes it worth revisiting the definition of gesture that initially informed 
my thinking: hand movements beginning from a position of rest, moving through a preparation 
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phase, reaching a "peak structure, also referred to as the stroke," moving through a recovery 
phase, and ending by returning to a position of rest (Roth, 2001, p. 369). The gestural sequences 
that I observed did not include only one peak structure punctuated by periods of rest. Rather, the 
gestural sequences involved multiple peak structures, sometimes simultaneously with two hands, 
before returning to a position of rest. 
Shifting from looking at the individual level to the pair level in tandem, students in pairs 
converged on more scientific conceptions after using the gesture-augmented simulation. Table 10 
shows that there were similar levels of overall agreement on the pre-test (there were 16 out of 24 
possible opportunities for agreement on answer choices) and post-test (there were 15 out of 24 
possible opportunities for agreement on answer choices). However, while overall agreement was 
similar, there were larger shifts in agreement toward correct answers, with only 6 out of the 16 
instances of agreement on the pre-test being correct and 13 out of the 15 instances of agreement 
on the post-test being correct. This shows that there were examples of the designed learning 
environment producing the intended learning outcome of increased similarity in conceptions for 
students who worked together, and this lends partial support to outcome hypothesis 3: “Explicit 
discussions about explanatory models of the seasons would make students’ models more similar 
to one another and improve their models and thus their ability to individually apply their models 
accurately to test questions.” 
RQ 2: What patterns of action while using the simulation are associated with improved 
conceptions of the causes of the seasons? 
Patterns of action while using the simulation were summarized in Figure 13. These 
patterns concerned how students used the tabs, the scaffolds that were designed to support their 
use of the simulation, and the quantity of discussions that students had. This analysis is pivotal to 
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understanding how classroom learning occurred, where pairs of students serve as an important 
component of the learning environment. The discourse that does, or does not, occur showed to be 
key for better learning outcomes. 
All of the pairs opened all of the tabs; however, Pairs A, C, and D had multiple 
discussions interspersed between use of the tabs. Pairs B, E, and F had very few discussions, if 
any at all (e.g., Pair F did not discuss at any point of their use of the simulation). This provides 
conflicting support for intended learning process hypothesis 1: “Using the gesture-augmented 
seasons simulation in pairs along with digital tabs that scaffolded students’ use of the simulation 
would result in explicit discussions about their explanatory models.” Future research should 
further explore reasons why the design did not result in discussions for some groups. We saw 
from the case analysis of Pair F that one students was so focused on an individual goal of setting 
a custom location that it interfered with the goals of the designed learning environment. When 
discussions did occur, there was evidence of support for learning process hypothesis 2: 
“Comparing and contrasting the sun-earth system at time points of June and December and 
linking representations from an earth-based and space-based view would support students in 
reflecting on changes to their thinking about the system.” Unfortunately, in the absence of 
discussions, there was no evidence of reflection occurring, although it likely occurred 
individually, which would explain the divergent individual outcomes in Pair F. 
When comparing test outcomes for Pairs A, C, and D in combination with Pairs B, E, and 
F in combination, Pairs A, C, and D had a bigger change in correct agreement (5 questions 
versus 2 questions) as well as a higher average change in correct questions (1.7 versus 0.9). 
These results suggested that the social supports of the discussion prompts, when used as 
designed, were associated with improved conceptions of causes of the seasons. Interestingly, a 
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comparison of explanatory elements used in post-explanations did not appear to differ between 
groups. Therefore there was only partial support for outcome hypothesis 4: “Reflecting on 
changes to students’ thinking about the sun-earth system would result in improved verbal and 
written explanations for causes of the seasons.” It should be noted that the suggested activity 
plans (Appendix C) included portions with whole class discussion, and it is possible that 
individual post-explanations were influenced by these whole class discussions. 
 This study makes a contribution to the literature about helping students learn the causes 
of the seasons with simulations. Addressing the suggestion made by Hsu, Wu, and Hwang 
(2008), this study identified scaffolds that could help students shift from alternative conceptions 
to scientific conceptions. However, the scaffolds did not work equally as well for all students. 
Future work should explore designs that improve the use of scaffolds by more students. One 
potential direction could be using machine learning approaches to further quantify patterns in use 
of the scaffolds and provide real time support. For example, the case report of Pair D showed 
that opening the tabs multiple times was associated with the students having discussions. If 
machine learning techniques could be used to identify an elapsed time interval during which 
students did not open the tabs multiple times, then perhaps a reminder prompt to address the 
discussion questions could be programmed into the simulation software. Or perhaps a 
notification could be sent to a teacher dashboard so that the teacher could follow up with the 
group. 
This study also contributes to the broader literature about learning with simulations in 
science. As thoroughly supported in Chapter 2, there is widespread empirical support and 
agreement on the utility of using simulations in science classrooms. However, this study 
addresses the need raised by Rutten et al. (2012) to research the use of simulations with attention 
 128 
to context and the role of immersion. This study involved a learning environment that is more 
immersive than a conventional simulation, and the support for the simulation was intentionally 
designed based on theory related to how the learning was intended to occur. 
This study also raises new questions related to learning in gesture-augmented learning 
environments. Students worked in pairs, and yet only one student could use the gesture controls 
at one time. All groups took turns, but not all students had the same individual experiences using 
the gesture controls. This raises questions about whether the learning environment is as effective 
for students watching their partner use the interface compared to when the student is directly 
using the interface. Other research in embodied cognition has highlighted the importance of 
mirror neurons in simulating other peoples’ actions (Barsalou, 2008). Could similar mechanisms 
contribute to indirect learning from gesture-augmented simulations? 
Even though students worked in pairs, there were examples where one student was more 
engaged while the other student was relatively disengaged (e.g., the case report for Pair F). As 
the previous paragraph explained, only one student could use the gesture controls at a given time. 
Could different arrangements for embodiment be conceived that would require the involvement 
of two people? Perhaps two devices could be plugged into one computer and the software could 
be programmed to require gesture input from two users. It would seem that such an arrangement 
could improve collaboration and could better address calls to create possibilities for collaborative 
interaction in embodied learning environments (Lindgren & Johnson-Glenberg, 2013). 
This study makes a contribution to the field of embodied learning environment design by 
demonstrating the field-testing of a design in an authentic classroom setting (Lindgren & 
Johnson-Glenberg, 2013). With regards to guidelines for embodied design proposed by 
Abrahamson and Lindgren (2014), this study offers strong support to guidelines related to 
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materials, moderate support to guidelines related to activities, and identifies challenges to 
guidelines related to facilitation. Related to materials, the gesture-augmented simulation used in 
the study provided action-feedback loops to students as they used their hands to interact with the 
computer simulation. The tasks were sequenced so that students needed to gradually shift and 
connect frames of reference. Related to activities, the tasks were based on graphical 
representations, but not all the tasks were equally intuitive for students. For example, the task 
that engaged students with a view of ground from space proved to be unproductively challenging 
for students, and therefore it was removed from the task sequence for the second round of 
implementation. Related to facilitation, the computer-generated cueing was an effective part of 
feedback loops to students. However, within the classroom context, it was difficult for the 
teacher and research team members to guide all students at all key moments. Therefore future 
work needs to develop supports that could inform an instructor when students may benefit most 
from intervention. Additionally, the design asked students to articulate their strategies, but not all 
students engaged in the requested discussion prompts. Future work should explore designs, such 
as the use of conversational agents, which may increase the likelihood of more students engaging 
in more articulation of their strategies. 
With regards to considerations for the design of gesture-augmented learning 
environments with the design focus of facilitating interaction (Wallon & Lindgren, 2017), this 
study used an activity related to causes of day and night as a precursor activity and as a way to 
acclimate learners to the interface. However, other precursor activities could also be considered 
in future studies. As the results show, there was a range of learning outcomes for students so that 
raises a question related to the structure of embodied activities in the design: is there a way to 
individualize the experience with the activities to achieve more of the target learning outcomes 
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for more students? Similar to the discussion in the previous paragraph, the design was shown to 
be variably productive in promoting a productive social context for the activity, and therefore 
future work should continue to pursue this goal. 
After overcoming logistical challenges, this study was able to demonstrate a relatively 
large implementation by being used in 24 class periods across entire grade levels at two schools. 
Reflecting on the values that I mentioned in Chapter 3, I was pleased with the role that I was able 
to assume in the classroom. The teacher was the driver of instruction, and I took a supporting 
role. However, I had to troubleshoot technical issues frequently, and I had a team of people 
helping do the same. If the use of this type of learning environment is to expand, additional 
support for teacher professional development is needed. 
Additionally this study demonstrated a practical example of a learning environment that 
was designed based on implications of embodied cognition and constructivism. This offers an 
example of how body movements can be used intentionally to help develop knowledge. 
Limitations 
 This study took place in the context of a larger DBR project, and aligned with values in 
that tradition, the contextual validity of a naturalistic setting was prioritized over attempting to 
control possible confounding variables. Therefore caution should be taken to avoid interpreting 
the findings presented in this study as direct causal claims. 
Different teachers used the simulation at different times in their unit. For example, one 
teacher used this experience to open up their astronomy unit, while another teacher used this 
experience to conclude their astronomy unit. The decisions about when to use the simulation 
were made based on pragmatic considerations such as how to share resources across all 
classrooms in a grade level. However, a teacher who used the simulations first shared anecdotes 
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of how she and the students both brought up experiences with the simulation at various other 
points during the remainder of the unit. The order within a curriculum unit was not formally 
tracked, but it should be considered as a focus for future study. Do embodied experiences with 
gesture-augmented simulations best serve student learning when used to introduce a topic or 
conclude a topic? Or what would it look like for multiple experiences with the simulation to 
occur at multiple times throughout a unit? 
 This study took place within contexts that have their own trajectories of engaging with 
science education curricular reforms (e.g., NGSS Lead States, 2013). That context likely plays a 
role in how instruction is enacted, but it was outside the scope of the study. 
 Usage data came from only six pairs of students. This provided an up close look at their 
learning processes, but for the majority of the students the learning process was a black box 
because only outcomes data were available based on pre-tests and post-tests. 
Conclusions and Implications for Future Research 
 From this study, I conclude that some, but not all, students improved their conceptions of 
the causes of the seasons. Many students expressed ideas that reflected the accepted scientific 
conception, and there was evidence of more detailed and complex models used by students (e.g., 
as reflected in the gestural sequences used by Carrie and Michelle). Students increased their use 
of the tilt and light intensity explanatory elements, and they decreased their use of the distance 
explanatory element. Evidence from analyzing focal students’ use of the simulation suggests that 
engaging with the discussion prompts to compare ideas and reach consensus were associated 
with improved conceptions. 
 Future research should explore additional embodiment mechanisms like embodying the 
earth from the orbit view to create more opportunities for considering the role of tilt. This should 
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be considered with a design that would require two people to operate the simulation in order to 
promote more collaboration. 
Future research should also look at the trajectory of implementation over a longer 
timescale. While this requires more time and other resources, one classroom could be selected 
for more comprehensive data collection. 
As suggested earlier, future research should further explore associations between 
demographics and learning from gesture-augmented simulations. This study involved some 
initial exploration of these associations, but without baseline measures it is difficult to conclude 
whether any group differences from learning with the simulation are larger or smaller than those 
without the simulation. 
Future research should also include analysis of log data about how students are using the 
system. This would provide a feasible way (compared to video recording) to collect process data 
for whole class implementations, and if patterns are identified, then the usage data could be used 
to provide just in time scaffolds to support student learning. 
From a more personal perspective, I anticipate applying the lessons learned from this 
dissertation study to my future work. Specifically, this dissertation study provided me with 
transferrable skills related to the design of support for a digital learning environment. One lesson 
is that as more mixed reality, augmented reality, virtual reality, and other extended reality 
technologies continue to become more widely available, there is a need to identify legitimate 
learning issues to be addressed with the unique affordances of the technology. A second lesson 
relates to the theory-based design of these digital learning environments and their supports. I 
anticipate applying these lessons in the future to continue supporting learners in various stages of 
their educational journeys. 
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APPENDIX A: PRE-TEST / POST-TEST ASSESSMENT 
1. Why do you think we have warm summers and cold winters? Please explain your ideas with as 
many details as possible. There is no word limit on your response. 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________
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The image below shows a side view of the earth in its orbit around the sun, with three locations 
marked on earth. 
 
   
2. What season do you think is currently at Location A? 
A. Summer  B. Winter 
How confident do you feel about your answer? 
 1 2 3 4 5  
Just a guess      I'm sure I'm right 
 
3. What season do you think is currently at Location B? 
A. Summer  B. Winter 
How confident do you feel about your answer? 
 1 2 3 4 5  
Just a guess      I'm sure I'm right 
 
4. What season do you think is currently at Location C? 
A. Summer  B. Winter 
How confident do you feel about your answer? 
 1 2 3 4 5  
Just a guess      I'm sure I'm right 
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5. What is your explanation for which seasons you think are currently at Locations A, B, and C? 
Please explain your ideas with as many details as possible. There is no word limit on your 
response. 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
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6. The images below show the sun's light rays hitting the ground at noon in Champaign-Urbana 
during three different times of the year. 
 
Which image do you think best shows how the sun's light rays hit the ground during Summer? 
 
A B C 
   
   
How confident do you feel about your answer? 
 1 2 3 4 5  
Just a guess      I'm sure I'm right 
 
 
What is your explanation for which image you think best shows how the sun's light rays hit the 
ground during Summer? Please explain your ideas with as many details as possible. There is no 
word limit on your response. 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
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APPENDIX B: STUDENT PRE-INTERVIEW / POST-INTERVIEW PROTOCOL 
The goal of the interviews is to draw out student thinking about causes of the seasons. Make it 
known to the student that this isn’t a quiz or test that they’ll be graded on. The questions below 
in this semi-structured interview protocol should be considered a starting point for probing 
student thinking. The interviewer should be responsive to students’ ideas and should ask for 
elaboration and clarification as appropriate. 
 
1. Can you share with me your explanation for why you think we have warm summers and 
cool winters? 
2. During your explanation I noticed you were using your hands a bit. I was wondering if 
you can give your full explanation again but this time really focus on using your hands 
and tell me what they're supposed to be representing. Again, why do you think we have 
warm summers and cool winters? 
3. (Post-interview only) I would like to ask you to recall some of those hand motions that 
you used when you used the Leap. There was one time where it asked you to use one 
hand like this and then two hands like this (demonstrate the hand motions). Can you share 
with me what you think those hand motions represent? What do they mean, and how does 
that makes a difference for seasons? 
4. (Post-interview only, if time permits) Do you have any feedback about the simulations? 
Is there anything that you recommend we think about trying to change or improve with 
the simulations? 
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APPENDIX C: LEARNING ACTIVITY PLAN 
Day 1 of Simulations 
 
Tell students that there will be 3 main parts of class: 
-Discussing explanations 
-Learning to use the layout of the simulation 
-Learning to use the LEAP 
 
Starter / Bellringer (~10 min) 
Ask students, "What makes an explanation a good explanation?” Share a few student 
responses. 
 
Emphasize: In science, a good explanation has: 
1. cause and effect 
2. scientific ideas 
  
For example, if you think about blowing up a balloon, what would a good scientific 
explanation be? Molecules (a science idea) of air were put inside the balloon (the cause), 
which caused it to inflate (the effect). 
 
Introduction to the Simulation Web Site (~20 min) 
Tell students that they will get familiar with the simulation and will practice constructing a 
good explanation by considering: 
 
Why do you think we experience day and night? 
 
Have students share some initial ideas. 
 
Students will use their Google accounts to log in at learn.concord.org by clicking the 
shortcut on the desktop of the Surfaces. Only one student in each pair needs to do this. 
 
Once all students are logged in, show features of the simulation on the projector (how to 
change views, how to open settings, and how to use tabs instead of a worksheet to figure out 
what to do). Then give students several minutes to become familiar with the simulation. 
 
To conclude, again ask why we experience day and night. Ask students to evaluate a shared 
explanation. Does it include scientific ideas (such as rotation)? Does it include cause (earth’s 
rotation) and effect (sunlight on only part of the earth at a given time).  
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Introduction to the LEAP Motion Device (~12 min) 
Pass out LEAP to each pair and show how to access the training games. Give advice on 
holding hands ~8 inches above controller and positioning controller horizontally. 
 
Clean Up and Preview Day 2 (~3 min) 
Mention that tomorrow for the first half of class students will use the LEAP with the 
simulation in order to develop explanations of what causes the seasons. For the second half of 
class students will share their ideas during a class discussion. 
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Day 2 of Simulations 
 
https://authoring.concord.org/activities/8484/single_page/  
 
Tell students that there will be 2 main parts of class: 
-Using the simulation in order to develop explanations of what causes the seasons 
-Class discussion to try to develop a shared explanation of seasons 
 
Starter / Bellringer (~4 min) 
“Why do you think we experience warm summers and cool winters?” 
 
Remind students that in science, a good explanation has: 
3. cause and effect 
4. scientific ideas 
  
Seasons Simulation (~20 min) 
Remind students that their purpose for using the simulation is to modify and try to improve 
their explanations for why we have warm summers and cool winters. 
 
Students will access the simulation by using their Google accounts to log in at 
learn.concord.org by clicking the shortcut on the desktop of the Surfaces. 
 
On the projector remind students to use the orange tabs to guide them, and remind them that 
they will discuss their ideas as a class after using the simulation. Also mention that they will 
share their written ideas on the post-test tomorrow. 
 
Give periodic reminders to explore the next tab, if needed. 
 
Class Discussion (~20 min) 
Have students return to their responses to the starter question/bellringer. Ask students to: 
(1) add a new cause that they had not previously considered, and  
(2) write a question about the topic that they had while using the simulation. 
 
Ask students to tell you how to adjust the simulation while it is projected in order to provide 
you causes for the effect of cool winters and warm summers. Ask students to mention their 
scientific ideas, if they do not already do so. 
 
Ask students what their hands represented in the one hand and two hand views and how 
that fits with their explanations. 
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Mention that Hastings, New Zealand has opposite seasons than us. Ask students to explain 
that, and give them a few minutes to think/discuss in pairs. Ask for some students to share 
their ideas. 
 
Mention that some students confuse causes of day/night and causes of the seasons because 
they think that earth’s rotation plays a role in causing seasons. Ask students to discuss aspects 
of the simulation that cause day/night versus cause seasons. Ask students to consider why the 
“daily rotation” option was not selected while working through the tabs on the seasons 
simulation. 
 
With remaining time, open up the discussion for other questions that students want to raise. 
 
Conclusion and Clean Up (~3 min) 
Put away equipment and, if time remains, ask for feedback on the simulations. However, 
keep the previous discussion as a higher priority and cut this if needed.  
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APPENDIX D: DEMOGRAPHICS SURVEY 
Demographic Survey for Science Computer Simulation Study 
 
1. What is your gender? (Please circle the appropriate response.) 
 
Male   Female   I prefer not to answer. 
 
2. What is your grade level? (Please circle the appropriate response.) 
 
5th 6th 7th 8th 9th 10th 11th 12th I prefer not to answer. 
 
 
3. What is your age? ___________________________________ 
 
 
4.  What is your ethnicity? (Please circle the appropriate response.) 
Hispanic  Not Hispanic  I prefer not to answer. 
 
5.  What is your race? (Please circle the appropriate response.) 
American Indian (AI) / Alaskan Native (AN) 
Native Hawaiian (NH) / Pacific Islander (PI) 
Black (B) / African-American (AA) 
White (W) 
Asian (A) 
More than one race reported (AI/AN, NH/PI, B/AA) 
More than one race reported (W, A) 
I prefer not to answer. 
Other: _________________________________ 
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APPENDIX E: CODING SCHEME FOR STUDENT EXPLANATIONS 
 
Directions: Review the video and associated transcript for each explanatory segment (from 
Answer start to end, as indicated in spreadsheet). Identify whether or not each of the three 
explanatory elements was used as part of the student's explanation, marking 1 if present and 
marking 0 if absent. Handle each explanatory element independently. For example, if a student 
explained that seasons were caused by the earth tilting closer to the sun in the summer and 
farther from the sun in the winter, then you would mark 1 for tilt, 1 for distance, and 0 for light. 
 
1. Tilt: Mark as present if the student discusses the Earth's tilt as part of the explanation. 
Attend to gestures and other words a student might use (e.g., angle of earth) to indicate 
tilt even without using the specific term. This idea need not be constant tilt to be 
included. For example, we coded for tile in the following student answer: “it kinda has to 
do with the Earth because we are tilted on one side of the axis away from the sun, then 
normally tilted on the axis towards the sun”. 
 
2. Distance: Mark as present if the student discusses the distance between the earth and sun 
changing as part of the explanation. Attend to gestures and other words a student might 
use (e.g., closer and farther away) to indicate distance even without the specific term. For 
example we coded for distance in the following student answer: “Because the sun is out 
more in the winter and its closer, I mean summer, and it's closer to the Earth” 
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3. Light: Mark as present if the student discusses different amount/intensity of light as part 
of the explanation. Attend to gestures and other words a student might use (e.g., sun rays, 
light rays, different angle, more direct) to indicate a difference in light as part of the 
explanation. Students may discuss this element as part of the day/night misconception 
idea. Simply mentioning more or less cloudiness in winter/summer is not sufficient. For 
example, we coded for light in the following student answer “how the world moves that it 
changes the position of where the sun is facing...and so like, one position, there's gonna 
be a time when the position of the sunlight is gonna be aiming at one area and when the 
Earth moves, it's gonna aim at the other area” 
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APPENDIX F: CONTENTS OF TABS 
Table 15 
Contents of the tabs that were used to scaffold student use of the simulations. 
Tab Enactment at School B Enactment at School A 
1 Light ray angle 
 
DO: Move earth from June to December 
several times using one hand control in the 
“Ground” view. 
 
DISCUSS: What does your hand represent? 
How does the angle of the sunlight compare in 
June vs. December? What ideas does this give 
you for your explanation of what causes the 
seasons? What ideas do you and your 
partner(s) agree on? What ideas do you 
disagree on? 
Light ray angle 
 
DO: Load “Ground” view in the main 
window and “Nothing” in the other windows. 
Make the slider bar move from June to 
December several times using one hand 
control in “Ground” view. 
 
DISCUSS: What does your hand represent? 
How does the angle of the sunlight compare in 
June vs. December? What ideas does this give 
you for your explanation of what causes the 
seasons? What ideas do you and your 
partner(s) agree on? What ideas do you 
disagree on? 
 
2 Light ray spacing 
 
DO: Move earth from June to December 
several times using two hand control in the 
“Ground” view. 
 
DISCUSS: What do your hands represent? 
When are the light rays more spaced out – 
June or December? What ideas does this give 
you for your explanation of what causes the 
seasons? What ideas do you and your 
partner(s) agree on? What ideas do you 
disagree on? 
Light ray spacing 
 
DO: Load “Ground” view in the main 
window and “Nothing” in the other windows. 
Make the slider bar move from June to 
December several times using two hand 
control in “Ground” view. 
 
DISCUSS: What do your hands represent? 
When are the light rays more spaced out – 
June or December? What ideas does this give 
you for your explanation of what causes the 
seasons? What ideas do you and your 
partner(s) agree on? What ideas do you 
disagree on? 
  (continued) 
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(continued) 
Tab Enactment at School B Enactment at School A 
   
3 Ground from space 
 
DO: Move earth from June to December 
several times using one hand control or two 
hand control in the “Space” view. This shows 
a view of the ground as if you were looking at 
it from space. 
 
DISCUSS: What do your hands represent? 
During what month are the light rays most 
spread out and at the largest angle to the 
ground? What ideas does this give you for 
your explanation of what causes the seasons? 
What ideas do you and your partner(s) agree 
on? What ideas do you disagree on? 
Direct light 
 
DO: Load “Earth” view in the main window 
and “Ground” view in the upper right 
window. Make the slider bar move from June 
to December several times using one hand 
control or two hand control in “Ground” 
view. 
 
DISCUSS: How is the “Ground” view 
connected with the “Earth” view? During what 
month are the light rays most direct for the 
selected location? What ideas does this give 
you for your explanation of what causes the 
seasons? What ideas do you and your 
partner(s) agree on? What ideas do you 
disagree on? 
 
4 Your choice! 
 
DO: Move earth from June to December 
several times using views and controls of your 
choice. You can pick a new view such as the 
“Earth” view. You can compare different 
locations on earth. Or you can investigate 
something else that you think will help you 
develop your explanation of what causes the 
seasons. 
 
DISCUSS: What do your hands represent? 
What ideas does this give you for your 
explanation of what causes the seasons? What 
ideas do you and your partner(s) agree on? 
What ideas do you disagree on? How do you 
feel about your explanation thus far? What do 
you still need to figure out? 
Earth’s tilt 
 
DO: Load “Orbit” view in the main window, 
“Ground” view in the upper right window, 
and “Earth” view in the bottom right 
window. Click the orbit and drag it up so you 
are viewing the sun and earth mostly from the 
side. Move the earth from June to December 
several times using one hand or two hand 
control in “Ground” view. 
 
DISCUSS: How is the “Orbit” view 
connected with the “Ground” view and 
“Earth” view? Is earth’s axis pointed toward 
or away from the sun in December for the 
selected location? How is earth’s axis pointed 
in June? What ideas does this give you for 
your explanation of what causes the seasons? 
What ideas do you and your partner(s) agree 
on? What ideas do you disagree on? 
 
(continued) 
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(continued) 
Tab Enactment at School B Enactment at School A 
5 NA Your choice! 
 
DO: Move earth from June to December 
several times using views and controls of your 
choice. You can compare different locations 
on earth or select new views. Or you can 
investigate something else that you think will 
help you develop your explanation of what 
causes the seasons. 
 
DISCUSS: What ideas does this give you for 
your explanation of what causes the seasons? 
How do you feel about your explanation thus 
far? What do you still need to figure out? 
 
 
